
Fluorescence sensing of chemical and biochemical analytes
is an active area of research.1–8 These efforts are driven by
the desire to eliminate the use of radioactive tracers, which
are costly to use and dispose of. There is also a need for
rapid and low-cost testing methods for a wide range of clin-
ical, bioprocess, and environmental applications. During
the past decade numerous methods based on high-sensitivi-
ty fluorescence detection have been introduced, including
DNA sequencing, DNA fragment analysis, fluorescence
staining of gels following electrophoretic separation, and a
variety of fluorescence immunoassays. Many of these ana-
lytical applications can be traced to the early reports by
Undenfriend and coworkers,9 which anticipated many of
today's applications of fluorescence. The more recent
monographs6–8 have summarized the numerous analytical
applications of fluorescence.

Why is fluorescence rather than absorption used for
high-sensitivity detection? Fluorescence is more sensitive
because of the different ways of measuring absorbance and
fluorescence. Light absorbance is measured as the differ-
ence in intensity between light passing through the refer-
ence and the sample. In fluorescence the intensity is meas-
ured directly, without comparison with a reference beam.
Consider a 10–10 M solution of a substance with a molar
extinction coefficient of 105 M–1 cm–1. The absorbance will
be 10–5 per cm, which is equivalent to a percentage trans-
mission of 99.9977%. Even with exceptional optics and
electronics, it will be very difficult to detect the small per-
centage of absorbed light, 0.0023%. Even if the electronics
allow measurement of such a low optical density, the
cuvettes will show some variability in transmission and sur-
face reflection, which will probably exceed the intensity
difference due to an absorbance of 10–5. In contrast, fluores-
cence detection at 10–10 M is readily accomplished with
most fluorometers. This advantage is due to measurement
of the fluorescence relative to a dark background, as com-
pared to the bright reference beam in an absorbance meas-

urement. It is relatively easy to detect low levels of light,
and the electronic impulses due to single photons are meas-
urable with most photomultiplier tubes.

In this chapter we describe the various approaches to
fluorescence sensing, which include essentially all the phe-
nomenon discussed in previous chapters. Fluorescence
sensing is described mostly within the framework of the
medical applications, but it is clear that fluorescence detec-
tion is also widely used in biochemical, chemical, environ-
mental and forensic analysis.

19.1. OPTICAL CLINICAL CHEMISTRY AND
SPECTRAL OBSERVABLE

One long-range goal of fluorescence sensing is noninvasive
monitoring of clinically relevant species and physiological
parameters (Figure 19.1). A suitable portable device would
measure the clinical values of interest, then store and/or
transmit them to the physician. At present we are rather dis-
tant from the ultimate goal of noninvasive testing with
devices similar to cell phones. The limitation is not in optics
or electronics, but rather due to the lack of stable and bio-
compatible methods of in-vivo sensing. It is already possi-
ble to measure fluorescence through skin, and the measure-
ments can accurately return pH and ion concentrations. In
the near term we are likely to see devices similar to PDAs
(Figure 19.2) that contain the chemistry and optics needed
to perform clinical assays using body fluid samples. Such
portable devices would find widespread usefulness, espe-
cially in emergency situations. The sensor array could be
exposed to blood, and the results would be immediately
available. This concept of rapid point-of-care clinical chem-
istry is driving the rapid development of numerous fluores-
cence sensing devices. In the following sections we
describe the principles of fluorescence sensing, and illus-
trate how such devices can provide analytical data.
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19.2. SPECTRAL OBSERVABLES FOR 
FLUORESCENCE SENSING

The fluorescence intensity can be used to measure the con-
centration of the fluorescent species. In the present chapter
sensing is understood in a different context. The goal is to
measure the concentration of some analyte, not the amount
of fluorophore. In the case of blood gases these analytes are
pH, pCO2, and pO2. Blood electrolytes include Na+, K+,
Ca2+, Mg2+ and Cl–, and many additional analytes that are
measured in the clinical laboratory.10,11 Fluorescence sens-
ing requires a change in a spectral property response to the
analyte. Changes can occur in the intensity, excitation spec-

trum, emission spectrum, anisotropy, or lifetime of the sens-
ing probe.

The most direct sensing method is when the fluores-
cence intensity of the probe changes in response to the ana-
lyte (Figure 19.3, left). Such changes often occur for fluo-
rophores that are subject to collisional quenching by a rele-
vant species, such as oxygen. While conceptually simple,
collisional quenching is only useful with a few clinically
relevant analytes. It is often inconvenient or unreliable to
use intensity changes, which can occur for a wide variety of
reasons. For instance, the use of fiber optics is desirable as
a means to locate the sensor at the site of interest, and to
have the light source and detector remotely located.12 How-
ever, it is difficult to perform quantitation intensity meas-
urements through fibers. Fluorescence microscopy is anoth-
er instance where intensity measurements are difficult. It is
not possible to control the fluorophore concentration at
each location in the cell, and the local probe concentration
changes continually due to diffusion and/or photobleach-
ing. For such applications it is important to use measure-
ments which are independent of fluorophore concentration.
This can be accomplished using wavelength-ratiometric
probes (Figure 19.3), which display shifts in the absorption
or emission spectra upon binding of the analyte. Wave-
length-ratiometric probes are desirable because the ratios
are independent of the probe concentration. The analyte
concentration can then be determined from the ratio of flu-
orescent intensities measured at two excitation or emission
wavelengths.

Another ratiometric method is fluorescence polariza-
tion or anisotropy. In this case the analyte causes a change
in the anisotropy of the label. Anisotropy measurements are

624 FLUORESCENCE SENSING

Figure 19.1. Optical clinical chemistry and noninvasive monitoring of
physiological parameters.

Figure 19.2. Fluorescence sensor for point-of-care testing.



frequently used in competitive immunoassays, in which the
actual analyte displaces labeled analyte that is bound to spe-
cific antibody. This results in a decrease in the anisotropy.
Anisotropy values are calculated using the ratio of polar-
ized intensity measurements. The use of an intensity ratio
makes the anisotropy measurements independent of fluo-
rophore concentration as long as the measurements are not
distorted by autofluorescence or poor signal-to-noise.

Fluorescence lifetimes can also be used for sensing
(Figure 19.3). The lifetimes can be measured using either
time-domain (TD) or frequency-domain (FD) methods. A
few years ago lifetime measurements were regarded as too
complex for sensing applications. However, advances in
electrooptics technology now make it feasible to perform
nanosecond decay time measurements using small inexpen-
sive instruments. The use of lifetimes for sensing may be
the next step in making sensors that display the long-term
stability needed in real-world applications.13–16

19.2.1. Optical Properties of Tissues

The design of fluorescence probes for clinical applications
is determined in part by the optical properties of water and
tissues.17 In general, the autofluorescence from tissues or
any biological sample is lower for longer excitation wave-
lengths. The use of longer wavelengths also avoids light

absorption by hemoglobin and melanin (Figure 19.4). In the
past there has been a limited number of fluorophores that
emit at long wavelengths. At present there is a growing
number of fluorophores that emit between 700 and 1000
nm. This range is useful because water absorption increas-
es above 1000 nm. The region of low absorption from 600
to 1000 nm is sometimes called the therapeutic range. For-
tunately, a variety of lasers and solid-state lasers are avail-
able for excitation in this range of wavelengths.
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Figure 19.3. Spectral observables for fluorescence sensing. From left to right, sensing is performed using intensities, intensity ratios, anisotropies,
time-domain lifetimes, and phase-modulation measurements.

Figure 19.4. Optical absorbance of tissues and water. Hb, hemoglo-
bin. Revised and reprinted with permission from [17]. Copyright ©
1996, Annual Reviews.



19.2.2. Lifetime-Based Sensing

Prior to describing the various mechanisms of sensing, it is
useful to expand on the use of decay-time measurements for
sensing (Figure 19.5). In the research laboratory, where
clean cuvettes and optical surfaces are easy to maintain,
intensity measurements can be accurate and reproducible
(top panel in Figure 19.5). However, suppose that the sam-
ple is blood, which is contained in a translucent syringe.
The intensity will be decreased by the absorbance of the
blood and by the scattering properties of the syringe, and it
may be difficult to obtain a reliable intensity-based calibra-
tion. Now consider lifetime instead of intensity measure-
ments (middle panel in Figure 19.5). If the intensity is large
enough to measure, the intensity decay is the same inde-
pendent of attenuation of the signal. Similarly, if the life-

time is measured by phase or modulation (bottom panel),
the values are expected to be independent of intensity.

Lifetime-based sensing is a means to avoid the difficul-
ties of quantitative intensity measurements. Consider a
sensing fluorophore placed on the end of an optical fiber
that is used for oceanographic studies. The fiber will be
flexing while being towed by the ship, resulting in intensi-
ty fluctuations. Additionally, the probe may be leaking from
the tip, resulting in decreases in intensity. Quantitative
intensity measurements would clearly be difficult under
these conditions. Lifetime measurements have already been
used for an oceanographic fiber optic oxygen sensor.18

19.3. MECHANISMS OF SENSING

Any phenomenon that results in a change of fluorescence
intensity, wavelength, anisotropy, or lifetime can be used
for sensing. The simplest mechanism to understand is colli-
sional quenching, where the fluorophore is quenched by the
analyte (Figure 19.6). Collisional quenching results in a
decrease in the intensity or lifetime of the fluorophore,
either of which can be used to determine the analyte con-
centration. Static quenching can also be used for sensing,
but the lifetime would not change.

Resonance energy transfer (RET) is perhaps the most
general and valuable phenomenon for fluorescence sensors
(Figure 19.6, right). Any process that brings the donor and
acceptor into close proximity will result in a decrease in the
donor intensity and/or decay time. Since energy transfer
acts over macromolecular distances, it can be used to detect
association of proteins as occurs in immunoassays. Howev-
er, the applications of RET are not limited to detection of
protein association. RET has also been used as the basis for
pH and cation sensors. Sensors were developed that contain
acceptors whose absorption spectra are dependent on pH. A
change in pH results in a change in absorbance of the
acceptor, which in turn alters the donor intensity.
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Figure 19.5. Intensity, time-domain, and frequency-domain sensing.
In the top panel ΔIB is that obtained from measurements of blood in a
syringe and ΔIC the value observed from a cuvette.

Figure 19.6. Modified Jablonski diagram for the processes of absorp-
tion and fluorescence emission (left), dynamic quenching (middle),
and resonance energy transfer (RET) (right).



Another mechanism for sensing is available when the
fluorophore can exist in two states, if the fractions in each
state depend on the analyte concentration (Figure 19.7).
Typically there is equilibrium between the fluorophore free
in solution and the fluorophore bound to analyte. One form
can be nonfluorescent, in which case emission is only seen
in the absence or presence of analyte, depending on which
form is fluorescent. Probes that act in this manner are not
wavelength-ratiometric or lifetime probes. Alternatively,
both forms may be fluorescent but display different quan-
tum yields or emission spectra. This type of behavior is
often seen for pH probes, where ionization of the probe
results in distinct absorption and/or emission spectra. Spec-
tral shifts are also seen for probes that bind specific cations
such as calcium. Such probes allow wavelength-ratiometric
measurements. In this case the change in intensity or shift
in the emission spectrum is used to determine the analyte
concentration. Probes that bind specific analytes are often
referred to as probes of analyte recognition.19

There are many mechanisms that can be used to design
probes that exhibit changes in fluorescence in response to
analytes. Fluorescence probes can form twisted intramolec-
ular charge-transfer (TICT) states.20 Another mechanism is
photoinduced electron transfer (PET), which has been used
to develop sensors for metal ions.21–23 These sensors often
rely on the well known quenching by amines due to PET.
Figure 19.8 shows a PET-based zinc sensor. In the absence
of zinc the anthracene is quenched by exciplex formation
with the amino groups. Upon binding of zinc, the nitrogen
lone pair of electrons is no longer available for PET. As a
result charge transfer no longer occurs, and the anthracene
becomes fluorescent.21 While the mechanism of this partic-
ular sensor is understood, this is not true of all sensors. In
many cases spectral changes are seen but the mechanism is
not certain. In the following sections we describe examples

of each type of sensor (collisional, RET or analyte recogni-
tion).

19.4. SENSING BY COLLISIONAL QUENCHING

19.4.1. Oxygen Sensing

Use of collisional quenching as the sensing mechanism
requires the fluorescent probe to be sensitive to quenching
by the desired analyte. Collisional quenching results in a
decrease in intensity and lifetime, which is described by the
Stern-Volmer equation:

(19.1)

In this equation F0(τ0) and F(τ) are the intensities (life-
times) in the absence and presence of the quencher, respec-
tively, K is the Stern-Volmer quenching constant, and kq is
the bimolecular quenching constant. The most obvious
application of collisional quenching is oxygen sensing. In
order to obtain sensitivity to low concentrations of oxygen,
fluorophores are typically chosen that have long lifetimes in
the absence of oxygen (τ0). Long lifetimes are a property of
transition metal complexes24 (Chapter 20), and such com-
plexes have been frequently used in oxygen sensors.25–31

For use as an oxygen sensor the metal–ligand complexes
(MLCs) are usually dissolved in silicone, in which oxygen
is rather soluble and freely diffusing. The silicone also
serves as a barrier to prevent other interfering molecules
from interactions with the fluorophores and affect the inten-
sity or lifetime.

The high sensitivity of the long-lifetime MLCs to oxy-
gen is shown by the Stern-Volmer plots (Figure 19.9). The
compound [Ru(Ph2phen)3]2+ is more strongly quenched

F0

F
�

τ0

τ
� 1 � kqτ0�Q� � 1 � K �Q�

PRINCIPLES OF FLUORESCENCE SPECTROSCOPY 627

Figure 19.7. Jablonski diagram for the free (F) and bound (B) forms
of a sensing probe. From [13].

Figure 19.8. A zinc probe based on photoinduced electron transfer.
Revised from [21].



than [Ru(phen)3]2+. The difference in sensitivity is due to
the longer unquenched lifetime (τ0) of the diphenyl deriva-
tive, and thus the larger Stern-Volmer quenching constant
(eq. 19.1). These long-lifetime probes have been used in
real-time oxygen sensors. For example, Figure 19.10 shows
the intensity of [Ru(Ph2phen)3]2+ in silicone while exposed
to exhaled air. The intensity increases with each exhale
because of the lower O2 and higher CO2 content of the
exhaled air. The higher intensity on the first exhale after the
breath was held is due to the lower O2 content in the air that
was retained longer in the lungs. The oxygen sensitivity of
the sensor can be adjusted by selecting probes with differ-
ent lifetimes or by modifying the chemical composition of
the supporting media. The sensitivity to oxygen can be
increased by using MLCs with longer lifetimes, some of
which are as long as 50 μs.32

19.4.2. Lifetime-Based Sensing of Oxygen

For practical sensing applications the device must be sim-
ple and inexpensive, which is possible using the long-life-
time MLCs. The oxygen-sensitive MLCs in Figure 19.9
absorb near 450 nm, and are thus easily excited with blue
light-emitting diodes (LEDs). One simple oxygen sensor
device is shown in Figure 19.11. Because of the long decay
times and simple instrumentation, oxygen sensors were
used to demonstrate the stability of phase-angle sensing in
the presence of large-amplitude intensity fluctuations.33 The
intensity was varied by waving fingers in the light path,
resulting in fivefold changes in intensity (Figure 19.11). In
contrast to the measured intensities measurements, the
phase angles remained constant.
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Figure 19.9. Stern-Volmer plots for oxygen quenching of
[Ru(phen)3]2+ and [Ru(Ph2phen)3]2+ in GE RTV 118 silicon.
Phen is 1,10-phenanthroline; ph2phen is 4,7-diphenyl-1,10-
phenanthroline. Revised from [24].

Figure 19.10. Luminescence intensity of an oxygen sensor with
[Ru(Ph2phen)3]2+ as the probe, when exposed to breathing. Revised
from [24].

Figure 19.11. Phase-angle stability with intensity fluctuations measured with an oxygen-sensing device. The amplitude of the incident light was var-
ied by waving fingers between the LED and the sensor. Revised from [33].



Lifetime-based sensing is valuable for probes that are
subject to collisional quenching and do not display wave-
length-ratiometric behavior. The capability for ratiometric
measurements can be designed into oxygen sensors by
including a nanosecond-lifetime fluorophore in the support-
ing media. This fluorophore can provide a reference that is
not sensitive to the oxygen concentration. For in-vivo appli-
cations MLCs are known to have longer absorption and
emission wavelengths.34 These MLCs have been used to
measure lifetimes and oxygen concentrations through
skin.35

19.4.3. Mechanism of Oxygen Selectivity

An important consideration for any sensor is selectivity.
For oxygen, the selectivity is provided by a unique combi-
nation of the fluorophore and the supporting media. Almost
all fluorophores are collisionally quenched by oxygen, so
that no fluorophore is completely specific for oxygen. How-
ever, the extent of quenching is proportional to the un-
quenched lifetime τ0 (eq. 19.1). For fluorophores in aque-
ous solution with decay times under 5 ns, the extent of
quenching by dissolved oxygen from the atmosphere is
negligible. Hence, one reason for the apparent oxygen
selectivity of [Ru(Ph2phen)3]2+ is its long lifetime near 5
μs, which results in extensive quenching by atmospheric
oxygen.

Selectivity of the MLC oxygen sensor is also due to the
silicone support. Silicone is impermeable to most polar
species, so most possible interferants cannot penetrate the
silicon to interact with the probe. Fortunately, oxygen dis-
solves readily in silicon, so that the support is uniquely per-
meable to the desired analyte. Finally, there are no other
substances in air which act as collisional quenchers. NO is
also a quencher but is not usually found in the air. Hence,
the sensor is selective for O2 because of a combination of
the long lifetime of the MLC probe and the exclusion of
potential interferants from the nonpolar silicone support.

19.4.4. Other Oxygen Sensors

While [Ru(Ph2phen)3]2+ is the most commonly used fluo-
rophore in oxygen sensors, other probes are available.
Almost any long-lived fluorophore can be used as an oxy-
gen sensor, particularly when dissolved in an organic sol-
vent. Because of the long decay times, phosphorescence
can be used to detect oxygen. For many applications, such
as oxygen sensing in blood or through skin, it is useful to
have probes that can be excited with red or NIR wave-
lengths. Several porphyrin derivatives are known that dis-

play oxygen-sensitive phosphorescence.36–37 One example
is platinum (II) octaethylporphyrin ketone (Figure 19.12),
which can be excited at 600 nm. This molecule shows a sur-
prisingly large Stokes shift, with the emission maximum at
758 nm. The lifetime of 61.4 μs results in oxygen-sensitive
emission even when the probe is embedded in polystyrene.

Simple instrumentation can be constructed for lifetime-
based sensing with long-lifetime emitters. Figure 19.13
(top) shows a schematic for a simple device for lifetime-
based sensing of oxygen.38 The fluorophore is platinum (II)
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Figure 19.12. Absorption and emission spectra of a phosphorescent
porphyrin ketone. Revised and reprinted with permission from [36].
Copyright © 1995, American Chemical Society.

Figure 19.13. Lifetime-based sensing of oxygen using platinum (II)
octaethylporphyrin ketone in a polymer membrane. The light modula-
tion frequency is 3907 Hz. The gaseous oxygen concentrations were
0, 0.1, 5.1, 9.96, and 20.55%. Revised from [39].



octaethylporphyrin ketone in a polymer film, which dis-
plays an unquenched lifetime in the range of 40–60 μs. The
excitation source is an amplitude-modulated LED. The
electronics measures the phase angle of the emission rela-
tive to the excitation, using separate detectors for the exci-
tation and emission. The phase angles are highly sensitive
to the oxygen concentration, and are stable over long peri-
ods of time. Reasonable amounts of photobleaching or con-
tinuity drifts would not affect the phase angle measure-
ments.

Wavelength-ratiometric measurements are usually not
possible with collisonally quenched probes. One interesting
exception is the platinum complex shown in Figure 19.14.
This compound displays both a singlet emission near 560
nm and a triplet emission near 670 nm, with lifetimes of 0.5
ns and 14 μs, respectively.39 The emission intensity of the
long-lived emission is sensitive to oxygen and the short life-

time emission is not sensitive to oxygen (lower panel). A
simple solid-state device can be used to measure the ratios
of emission intensities at 560 and 670 nm, and thus the oxy-
gen concentration.

19.4.5. Lifetime Imaging of Oxygen

Molecules that display dual emission (Figure 19.14) are
highly unusual, and there are not many opportunities for
wavelength-ratiometric oxygen sensing. One method to
make measurements that are mostly independent of intensi-
ty is to use fluorescence lifetime imaging microscopy
(FLIM),40–41 which is described in Chapter 22. In FLIM the
contrast in the image is based on the lifetime at each point
in the sample and not on the emission intensity. Figure
19.15 shows images of bronchial epithelial cells labeled
with [Ru(bpy)3]2+, which in the oxygen-free samples dis-
plays a lifetime near 600 ns.42–43 The intensity image on the
left reveals the local concentration and/or quantum yield of
the probe in the cells. The image on the right shows the life-
times in each region of the sample. The lifetimes are essen-
tially constant which indicates the oxygen concentration is
constant throughout the cells. These lifetime images were
calculated from images taken with a gated image intensifi-
er and CCD camera.
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Figure 19.14. Oxygen sensing using a platinum complex in a poly-
meric film. Revised from [39].

Figure 19.15. Fluorescence intensity and lifetime images of human
bronchial epithelia cells labeled with [Ru(bpy)3]Cl2. Lifetime images
were obtained using a gated image intensifier and a CCD camera.
From [43].



19.4.6. Chloride Sensors

It is well known that heavy atoms like bromine and iodine
act as collisional quenchers. For sensing applications chlo-
ride is more important because it is prevalent in biological
systems. However, chloride is a less effective quencher, and
relatively few fluorophores are quenched by chloride. A
hint for developing chloride-sensitive probes was available
from the knowledge that quinine is quenched by chloride.
Quinine contains a quinolinium ring, which can be used to
make a variety of chloride-sensitive probes.44–48 Represen-
tative structures are shown in Figure 19.16. It is evident
from the Stern-Volmer plots in Figure 19.17 that the quino-
lines are not equally sensitive to chloride, and that the
quenching constant depends on the chemical structure
(Table 19.1).

These chloride-sensitive probes can be used to measure
chloride transport across cell membranes (Figure 19.18).
Erythrocyte ghosts are the membranes from red blood cells

following removal of the intracellular contents. The ghosts
were loaded with SPQ and 100 mM chloride. The ghosts
were then diluted into a solution of 66 mM K2SO4. Sulfate
does not quench SPQ. When diluted into sulfate-containing
buffer the intensity of SPQ increased due to efflux of the
chloride. This transport is due to an anion exchange path-
way. Chloride transport could be blocked by dihydro-4,4'-
diisothiocyanostilbene-2,2'-disulfonic acid (H2DIDS),
which is an inhibitor of anion transport. Hence, the chloride
probes can be used for physiological studies of ion trans-
port.

The chloride probes are subject to interference. They
are also quenched by bromide, iodide, and thiocyanate.50
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Table 19.1. Spectral Properties of Representative 
Chloride Probesa

Com-                                                              Quantum
poundb λabs (nm)           λem (nm)           yield           K (M–1)

SPQc 318/345 450 0.69 118d

SPA – – – 5
Lucigenin 368/955 506 0.67 390
MACA 364/422 500 0.64 225
MAMC 366/424 517 0.24 160

aFrom [49].
bAbbreviations: lucigenin, N,N,N-dimethyl-9,9'-bisacridium nitrate;
SPQ, 6-methoxy-N-(3-sulfopropyl)quinolinium; SPA, N-sulfopropyl-
acridium; MACA, N-methylacridium-9-carboxamide; MAMC, N-
methylacridium-9-methylcarboxylate.
cThe unquenched lifetime of SPQ is 26 ns.
dThe Stern-Volmer constant in cells is 13 M–1. From [51].

Figure 19.16. Representative chloride probes. These probes are colli-
sionally quenched by chloride (Table 19.1). Revised and reprinted
with permission from [49]. Copyright © 1994, Academic Press Inc.

Figure 19.17. Stern-Volmer plots for chloride quenching of SPQ,
SPA, lucigenin, MACA, and MAMC. See Table 19.1. Revised and
reprinted with permission from [49]. Copyright © 1994, Academic
Press Inc.

Figure 19.18. Fluorescence intensity of SPQ in erythrocyte ghosts as
a function of time, reflecting chloride transport from the erythrocyte
ghosts. The two curves are for SPQ-containing erythrocyte ghosts
diluted into sulfate-containing buffer in the absence and in the pres-
ence of an anion-transport inhibitor (H2DIDs). Revised and reprinted
with permission from [46]. Copyright © 1987, American Chemical
Society.



Perhaps more importantly, SPQ is quenched by free amines,
which can distort measurements in amine-containing
buffers. In fact, the Stern-Volmer quenching constant of
SPQ in aqueous solution is 118 M–1, whereas in cells the
quenching constant is near 13 M–1. This decrease has been
attributed to quenching of SPQ by non-chloride anions and
proteins in cells.51 Quenching of SPQ by amines was turned
into an opportunity, by using the quenching caused by the
amine buffers as an indicator of pH.50 As the pH increases,
more of the buffer is in the free amine form, resulting in a
decrease in the intensity of SPQ. A disadvantage of the
chlorine probes is that they are not ratiometric probes.
Some of the probes leak out of cells, decreasing the inten-
sity and preventing accurate measurements of the chloride
concentration. The quinoline probes have been made into
wavelength-ratiometric probes by linking them to a chlo-
ride-insensitive fluorophore using dextran or a flexible
chain.52–53

19.4.7. Lifetime Imaging of 
Chloride Concentrations

The need for covalently linked chloride-sensitive and -
insensitive probes can be avoided by lifetime imaging.
Since chloride is a collisional quencher, the decreases in
lifetime are proportional to the decreases in intensity (Fig-
ure 19.17). FLIM of the chloride probe 6-methoxy-quinolyl
acetoethyl ester (MQAE) was used to determine the con-
centrations of chloride in olfactory epithelium.54 In this tis-
sue the olfactory sensory neurons penetrate through sup-
porting epithelial cells, terminating in dendritic knobs (Fig-
ure 19.19). The transduction mechanism for olfactory sig-
nal transduction involves an influx of calcium and an efflux
of chloride. For this to occur the olfactory dendrites must
accumulate higher concentrations of chloride than the sur-
rounding tissue. Lifetime measurements of MQAE in this
tissue revealed a shorter lifetime of MQAE in the dendrite
knob than in the supporting cells, which indicates a higher
chloride concentration in the knobs. Lifetime images were
obtained using laser scanning microscopy and two-photon
excitation (Chapter 18). Intensity decays were recorded by
TCSPC at each point in the image. A calibration curve for
the lifetime at various chloride concentrations was deter-
mined using a similar tissue and ionophore to control the
intracellular chloride concentrations. Using this calibration
it was possible to use the lifetime image to create a chloride
concentration image in the olfactory tissue. This image
shows higher chloride concentrations in the dendrites than

in the surrounding tissue. This experiment was made possi-
ble by the advances in TCSPC (Chapter 4) and multiphoton
microscopy.

19.4.8. Other Collisional Quenchers

A wide variety of molecules can act as quenchers (Chapter
8), and they permit developments of sensors based on colli-
sional quenching. Benzo(b)fluoranthene was found to be
highly sensitive to sulfur dioxide.55 Oxygen interfered with
the measurements but was 26-fold less efficient as a
quencher than SO2. Halogenated anesthetics are known to
quench protein fluorescence and can be detected by colli-
sional quenching of anthracene and perylene.56 Carbazole is
quenched by a wide variety of chlorinated hydrocarbons.57

NO, which serves as a signal for blood vessel dilation, is
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Figure 19.19. Top: Intensity decays of MQAE in the ends of the neu-
ronal sensing cells (dendritic knob) or in the epithelial supporting
cells. Bottom: The lower panels show the intensity (left) and chloride
concentration image (right) of the olfactory epithelium. Reprinted
with permission from [54]. Copyright © 2004, Journal of
Neuroscience.



also a collisional quencher.58–59 However, physiologically
relevant concentrations of NO are too low for significant
collisional quenching. Fluorescent probes of NO usually
react chemically with NO.60–62

19.5. ENERGY-TRANSFER SENSING

Resonance energy transfer (RET) offers many opportunities
and advantages for fluorescence sensing. Energy transfer
occurs whenever the donor and acceptor are within the
Förster distance. Changes in energy transfer can occur due
to changes in analyte proximity, or due to analyte-depend-
ent changes in the absorption spectrum of acceptor (Figure
19.20). A significant advantage of RET-based sensing is
that it simplifies the design of the fluorophore. For colli-
sional quenching, or analyte recognition probes (Section
19.8), the probe must be specifically sensitive to these ana-
lytes. It is frequently difficult to obtain the desired sensitiv-
ity and fluorescence spectral properties in the same mole-
cule. However, if RET is used, the donor and acceptor can
be separate molecules (Figure 19.20). The donor can be
selected for use with the desired light source, and need not
be intrinsically sensitive to the analyte. The acceptor can be
chosen to display a change in absorption in response to the
analyte. Alternatively, an affinity sensor can be based on a
changing concentration of acceptor around the donor due to
the association reaction.

19.5.1. pH and pCO2 Sensing by Energy Transfer

A wide variety of pH indicators are available from analyti-
cal chemistry. Since indicators are intended for visual
observation, they display pH-dependent absorption spectra
with absorption at visible wavelengths. These indicators
have formed the basis for a number of RET-pH/pCO2 sen-
sors. One of the earliest reports used eosin as the donor and
phenol red as the acceptor.63 Phenol red was selected
because it displays a pKa near 7, and the basic forms absorb

at 546 nm where eosin emits. Consequently, the eosin inten-
sity decreased as the pH increased. In the case of this par-
ticular sensor it was not certain whether the decreased
intensity was due to RET or to an inner filter effect, but it is
clear that RET is a useful mechanism as the basis for
designing sensors.

This same basic idea was used to create lifetime-based
sensors for pH, pCO2,64–69 and ammonia.70–73 Spectra for a
representative sensor are shown in Figure 19.21. The donor
was [Ru(dpp)3]2+, where dpp is 4,7-diphenyl-1,10-phenan-
throline.69 This donor was chosen for its long decay time,
allowing lifetime measurements with an amplitude-modu-
lated LED at 20 kHz. The acceptor was Sudan III, which
displayed a CO2-dependent absorption spectrum. This
dependence on CO2 was due to changes in pH in the poly-
meric media that contained the donor, acceptor, and buffer-
ing components. At low partial pressure of CO2 the pH is
high and Sudan III absorbs at the emission wavelength of
the donor. As the partial pressure of CO2 increases the long-
wavelength absorption of Sudan III decreases.

This RET sensor could be used to measure the partial
pressure of CO2 (Figure 19.22). The apparent lifetime was
measured from the phase angle of the [Ru(dpp)3]2+ emis-
sion. As the partial pressure of CO2 increased the phase
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Figure 19.20. Principle of energy-transfer sensing.

Figure 19.21. Top: Absorption spectra of Sudan III in the sensing
matrix in the absence (0%) and presence (100%) of CO2. The emis-
sion spectrum is for [Ru(dpp)3]2+. Bottom: CO2-dependent absorption
spectra of Sudan III. Revised from [69].



angle increased, indicating an increase in the mean lifetime
of [Ru(dpp)3]2+. The change in phase angle or lifetime
showed that the partial pressure of CO2 affected the extent
of RET because inner filter effects are not expected to alter
the lifetimes.

A critical point in sensor design is the support contain-
ing the probes. For the pCO2 sensor, the support consisted
of silica gel and ethylcellulose (EC). The EC contained
tetraoctylammonium hydroxide (TOAH) which served as a
phase transfer agent for the CO2. These details are men-
tioned to show that careful consideration of the support and
actual use of the sensor is needed to result in a useful
device. Depending on the support and analyte it may be
necessary to use phase transfer agents to facilitate uptake of
the analyte into the supporting media.74 Another important
technique for fabricating sensors is the use of sol gels. The
basic idea is the hydrolysis of tetraethylorthosilicate
(TEOS, Si(OC2H5)4) in a mixture of water and ethanol. As
TEOS is hydrolyzed, it forms silica (SiO2). Monoliths and
glass films of silica can be formed at low temperatures with
mild conditions. The porosity of the sol gels can be con-
trolled, and fluorophores or even enzymes can be trapped
within the sol gel matrix.75–76 The result is a solid sensor
which contains the trapped molecules.

19.5.2. Glucose Sensing by Energy Transfer

Control of blood glucose is crucial for the long-term health
of diabetics.77 Present methods to measure glucose require
fresh blood, which is obtained by a finger stick. This proce-
dure is painful and inconvenient, making it difficult to
determine the blood glucose as frequently as is needed.
Erratic blood glucose levels due to diabetes are responsible
for adverse long-term problems of blindness and heart dis-
ease. These effects are thought to be due to glycosylation of
protein in blood vessels. Consequently, there have been

numerous efforts to develop noninvasive methods to meas-
ure blood glucose.

Because of the medical need there have been continued
efforts to develop a noninvasive means to measure blood
glucose and to develop fluorescence methods to detect glu-
cose. These have often been based on the glucose-binding
protein concanavalin A (ConA) and a polysaccharide, typi-
cally dextran, which serves as a competitive ligand for glu-
cose (Figure 19.23).78–79 Typically, the ConA is labeled with
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Figure 19.22. CO2-dependent phase angles of [Ru(dpp)3]2+ in the sen-
sor matrix containing Sudan III. The output of the LED was modulat-
ed at 20 kHz. Revised from [69].

Figure 19.23. Glucose sensing by resonance energy transfer. Revised
from [78].

Figure 19.24. Resonance energy transfer sensor for glucose. Revised
from [80].



a donor (D) and the dextran with an acceptor (A), but the
labels can be reversed. Binding of D-ConA to A-dextran
results in a decrease in donor intensity or lifetime. The glu-
cose in the sample competes for the glucose binding sites
on D-ConA, releasing D-ConA from the acceptor. The
intensity decay time and phase angles of the donor are thus
expected to increase with increasing glucose concentration.

This principle was used in the first reports of glucose
sensing by fluorescence intensities.79–81 A fiber-optic glu-
cose sensor was made using FITC-labeled dextran and rho-
damine-labeled ConA (Figure 19.24). The acceptor could
be directly excited as a control measurement to determine
the amount of Rh-ConA. The response of this glucose sen-
sor is shown in Figure 19.25. The donor and acceptor were
placed on the dextran and ConA, respectively. The donor
fluorescence was not completely recovered at high concen-
trations of glucose. This lack of complete reversibility is a
problem that plagues ConA-based glucose sensors to the
present day. It is hoped that these problems can be solved
using alternative glucose binding proteins, especially those
that have a single glucose binding site and may be less
prone to irreversible associations. It seems probable that
site-directed mutagenesis will be used to modify the glu-
cose-binding proteins to obtain the desired glucose affinity
and specificity.

As might be expected, lifetime-based sensing has been
applied to glucose, and has been accomplished using
nanosecond probes,82 long-lifetimes probes,83 and laser-
diode-excitable probes.84 The problem of reversibility has
been addressed by using sugar-labeled proteins in an
attempt to minimize crosslinking and aggregation of the
multivalent ConA. Such glucose sensors are occasionally
fully reversible,84 but there is reluctance to depend on a sys-
tem where reversibility is difficult to obtain.

19.5.3. Ion Sensing by Energy Transfer

Wavelength-ratiometric probes are available for Ca2+ and
Mg2+, but the performance of similar probes for Na+ and K+

is inadequate (Section 19.8.3). It is difficult to design
probes for K+ and Na+ with the desired binding constant and
selectivity, and that also display adequate spectral changes.
These difficulties can be understood by considering a sen-
sor for K+. In blood the concentrations of K+ and Na+ are
near 4.5 and 120 mM, respectively. A probe for K+ must be
able to bind K+ selectively, and not be saturated by a 25-fold
excess of Na+. Given the similar chemical properties of Na+

and K+, and the smaller size of Na+, such selectivity is dif-
ficult to achieve. These problems can be alleviated to some
extent by making use of ionophores like valinomycin that
display high selectivity for K+. Valinomycin is a cyclic mol-
ecule that unfortunately does not contain any useful chro-
mophoric groups. Consequently, one has to develop a sen-
sor that transduces the binding of K+ to result in a fluores-
cence spectral change.

One method to develop a K+ sensor is to use a dye that
displays a change in its absorption spectrum on ioniza-
tion.85 The sensor was fabricated using polyvinyl chloride,
valinomycin, plus fluorescent beads (FluoSpheresJ, Molec-
ular Probes, Eugene, OR). The acceptor is shown in Figure
19.26. When K+ enters the membrane, KFU-111 loses a
proton resulting is an increase in absorbance at 650 nm.
This absorbance overlaps with the emission spectra of the
FluoSpheresJ, resulting in a decreased intensity (Figure
19.27). As the K+ concentration is increased the FluoSphere
intensity is progressively decreased (Figure 19.28).

Examination of Figure 19.27 reveals that the emission
spectrum is distorted at higher concentrations of K+. This
indicates that the mechanism of K+ sensing is not energy
transfer, but rather is an inner filter effect due to KFU-
111, as was stated by the authors.85 In this particular sensor
there was no opportunity for the fluorophore and absorption
dye to interact, as the fluorophores were in the beads, and
thus distant from the absorber. The important point is that
spectral overlap does not imply that the mechanism is reso-
nance energy transfer. Potassium sensors using valinomycin
but other donors such as rhodamine and cyanine dyes have
also been reported.86–87 For the cyanine donor 1,1'-dioctade-
cyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate
[DiIC18(5)], lifetime measurements demonstrated that RET
was the dominant mechanism for K+ sensing.87 One diffi-
culty with RET sensing is that the extent of energy transfer
depends strongly on acceptor concentration, so that the sen-
sors require frequent calibration. This problem can poten-
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Figure 19.25. Recovery of FITC fluorescence during glucose titration
for two weight ratios of Rh-ConA/FITC-dextran, 217 (�) and 870
w/w (�). Revised from [81].



tially be circumvented by using covalently linked donors
and acceptors.

19.5.4. Theory for Energy Transfer Sensing

The theory for sensing by energy transfer is complex and
depends on the nature of the sensor. There are two limiting
cases—unlinked donors and acceptors distributed random-
ly in space, and covalently linked donor-acceptor pairs.
Suppose the donor–acceptor pair is not linked and that the
acceptor can exist in two forms with different absorption
spectra and Förster distances (R01 and R02). The intensity
decay is given by

(19.2)

where τD is the donor decay time and γ1 and α2 are functions
of the acceptor concentration, and are related to R01 and R02,
as described in Chapter 15 (eqs. 15.1–15.3). Alternatively,
the donor and acceptor may be covalently linked. In this the
intensity decay is given by

(19.3)� (1 � g1 ) �∞
0 P(r )  exp ( t

τDA2
) dr ]

IDA(t) � ID [ g1�∞
0 P(r )  exp ( t

τDA1
)  dr

IDA (t) � I0 exp [ �
t

τD
� 2(γ1 � γ2 )√ t

τD
]
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Figure 19.26. Absorption spectra of 4-((2',4'-dinitrophenyl)azo)-2-
((octadecylamino)carbon-yl-l-naphthol (KFU 111) in a plasticized
PVC membrane containing potassium tetrakis(4-chlorophyenyl)bo-
rate (PTCB) and valinomycin, in contact with a 100 mM aqueous
solution of KCl at pH 7.41, and with potassium-free buffer at pH 7.41.
Revised and reprinted with permission from [85]. Copyright © 1993,
American Chemical Society.

Figure 19.27. Excitation and emission spectra of FluoSphereJ parti-
cles contained in the plasticized PVC membrane containing PTCB,
valinomycin, and KFU 111 contacted with a 200 mM KCl solution at
pH 5.22 (dashed) and with plain buffer of pH 5.22 (solid). The emis-
sion spectrum of the FluoSpheres in the presence of K+ is distorted
due to the inner filter effect caused by the blue form of the absorber
dye. Revised and reprinted with permission from [85]. Copyright ©
1993, American Chemical Society.

Figure 19.28. Response time, relative signal change, and reversibility
of the potassium sensor in the presence of dye KFU 111 in the mem-
brane; pH 5.82, excitation/emission wavelengths set to 560/605 nm.
The sensor did not respond to potassium without KFU 11. Revised
and reprinted with permission from [85]. Copyright © 1993,
American Chemical Society.



where

(19.4)

P(r) is the distance distribution, and g1 and (1 – g1) are the
fractional intensities of each form at t = 0. The transfer effi-
ciency (E) can be calculated by

(19.5)

where ID(t) is an intensity decay of the donor with no accep-
tors; FD and FDA are the relative intensities of the donor in
the absence and presence of acceptor. These general expres-
sions can be used to simulate the expected performance of
an energy-transfer sensor using known or estimated param-
eter values.13

19.6. TWO-STATE pH SENSORS

19.6.1. Optical Detection of Blood Gases

The phrase "blood gases" refers to the measurement of pH,
pCO2, and pO2 in arterial blood. Optical detection of blood
gases is a longstanding goal of optical sensing. Blood-gas
measurements are frequently performed on patients in the
intensive care unit, premature infants, and trauma victims.
Since the status of such patients changes rapidly, it is
important to obtain the blood gas results as quickly as pos-
sible. While the status of optical detection of blood gases
is evolving rapidly, many of the currently used methods
do not satisfy the needs of intensive care and emergency
health care situations where the blood gases are changing
rapidly.88–89

Determination of blood gases is difficult, time-con-
suming, and expensive. Measuring a blood gas requires tak-
ing a sample of arterial blood, placing it on ice, and trans-
porting it to a central laboratory. At the central laboratory
the pH is measured using an electrode, and O2 and CO2 by
the Clark and Severinghaus electrodes, respectively. Even
for a stat request, it is difficult to obtain the blood-gas report
in less than 30 minutes, by which time the patient's status is
often quite different. Additionally, handling of blood by
health-care workers is undesirable with regard to the risk of
acquired immunodeficiency syndrome (AIDS) and other
infectious diseases.

How can optical sensing of blood gases improve on this
situation? One approach is shown in Figure 19.29.89 The
sensor chemistry is a cassette that is attached to an arterial
line. When needed, blood is drawn into the cassette, and the
blood gases are determined by appropriate fluorescent sen-
sors. Oxygen could be determined using [Ru(Ph2phen)3]2+,
and pH can be measured using HPTS or other pH-sensitive
fluorophores (Section 19.6.2).90 The ability to measure pH
also allows pCO2 to be measured using the bicarbonate cou-
ple.91 This is accomplished by measuring the pH of a bicar-
bonate solution that is exposed to the CO2. The concentra-
tion of dissolved CO2 alters the extent of bicarbonate disso-
ciation and hence the pH. With the use of such a device the
blood-gas measurements could be made without loss or
handling of blood and the results can be available immedi-
ately. Such instruments have been developed,92–93 but
improvements in performance are desirable. This idea of
clinical chemistry using fiber optics originates with the
early work of D. W. Lubbers and colleagues.94 In the long
term it is hoped that blood gases can be determined nonin-
vasively, as shown in Figure 19.1, or with a simple point-of-
care device (Figure 19.2).

19.6.2. pH Sensors

Fluoresceins: Fluorescein was one of the earliest pH sen-
sors.95–96 Fluorescein and other pH-sensitive probes have
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Figure 19.29. Arterial blood-gas sensor. Revised from [89].



also been used to measure pCO2 by the bicarbonate cou-
ple.97–98 One early use of fluorescein was to determine
intracellular pH values. However, fluorescein leaks rapidly
from cells, so highly charged derivatives are often used,
such as 5(6)-carboxyfluorescein or 2',7'-bis(2-carboxy-
ethyl)-5(6)-carboxyfluorescein (BCECF) (Figure 19.30).
Fluorescein displays a complex pH-dependent equilibrium,
and emission from the various ionic forms99–102 (Figure
19.31). The lactone form is usually found in organic sol-
vents and is not formed in aqueous solutions above pH 5.
Only the two high-pH anionic forms are fluorescent (Figure
19.31).

Fluorescein is a moderately useful excitation wave-
length-ratiometric probe. The absorption spectrum shifts to
higher wavelengths with a pKa near 6.5 (Figure 19.32).
These absorption and emission spectral changes are due to
the equilibrium between the two fluorescent forms of fluo-
rescein—the monoanion and dianion forms (Figure 19.31).
These spectral changes allow wavelength-ratiometric pH
measurements with two excitation wavelengths near 450
and 495 nm. The intensity ratio increases with increasing
pH (Figure 19.33). The data in Figure 19.33 are for fluores-

cein linked to dextran, which was used to prevent the fluo-
rescein from leaking out of the cells.

One disadvantage of fluorescein is that its pKa is near
6.5, whereas the cytosolic pH of cells is in the range of 6.8
to 7.4. Hence, it is desirable to have a higher pKa for accu-
rate pH measurement. BCECF (Figure 19.30) was devel-
oped103 to have spectral properties similar to those of fluo-
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Figure 19.30. Fluorescein-type pH probes.

Figure 19.31. pH-dependent ionization of fluorescein. Only the monoanion and dianion forms of fluorescein are fluorescent.

Figure 19.32. Absorption and emission spectra of fluorescein. Data
from [100].



rescein, but to have a higher pKa near 7.0 (Table 19.2). This
illustrates an important aspect of all sensing probes: the pKa

value or the analyte dissociation constant must be compara-
ble to the concentration of the analyte to be measured.
However, it can be difficult to adjust a pKa value or dissoci-

ation constant. Additionally, the affinities observed in solu-
tion may be quite different from the values needed in a sen-
sor, where the probe may bind to proteins or membranes or
the probe may be present in a polymeric support. Signifi-
cant development is often needed to adapt a sensor for use
in a clinical application.

HPTS, A Wavelength-Ratiometric pH Sensor: A dis-
advantage of fluorescein as a sensor is that it is difficult to
use as a wavelength-ratiometric probe. This is because the
absorption and emission intensity is low for 450-nm excita-
tion (Figure 19.32). The pH probe 8-hydroxypyrene-1,3,6-
trisulfonate (HPTS)104–107 displays more favorable proper-
ties as a wavelength-ratiometric probe. The sulfonate
groups are for solubility in water and the hydroxyl group
provides sensitivity to pH. Excitation and emission spectra
of HPTS show a strong dependence on pH (Figure 19.34).
As the pH is increased HPTS shows an increase in
absorbance at 450 nm, and a decrease in absorbance below
420 nm. These changes are due to the pH-dependent ioniza-
tion of the hydroxyl group. The emission spectrum is inde-
pendent of pH, suggesting that emission occurs only from
the ionized form of HPTS. Conveniently, the apparent pKa

of HPTS is near 7.5, making it useful for clinical measure-
ments that need to be most accurate from 7.3 to 7.5 (Table
19.2). HPTS has also been used as a CO2 sensor when dis-
solved in the appropriate bicarbonate solution.108
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Figure 19.33. Wavelength-ratiometric pH calibration for fluorescein
linked to dextran. Revised from [95].

Table 19.2. Spectral and Lifetime Properties of pH Probes

Excitation                  Emission                                                      Lifetime (ns)a

Probeb λB(λA) [nm]               λB(λA) [nm]                       QB (QA)                       τ�B (τ�A)                pKA

BCECF 503 (484) 528 (514) ~0.7 4.49 (3.17) 7.0

SNAFL-1 539 (510) 616 (542) 0.093 (0.33) 1.19 (3.74) 7.7
C. SNAFL-1 540 (508) 623 (543) 0.075 (0.32) 1.11 (3.67) 7.8
C. SNAFL-2 547 (514) 623 (545) 0.054 (0.43) 0.94 (4.60) 7.7

C. SNARF-1 576 (549) 638 (585) 0.091 (0.047) 1.51 (0.52) 7.5
C. SNARF-2 579 (552) 633 (583) 0.110 (0.022) 1.55 (0.33) 7.7
C. SNARF-6 557 (524) 635 (559) 0.053 (0.42) 1.03 (4.51) 7.6
C. SNARF-X 575 (570) 630 (600) 0.160 (0.07) 2.59 (1.79) 7.9

Resorufin 571 (484) 528 (514) NAc 2.92 (0.45) ~5.7
HPTS 454 (403) 511 NA N/A 7.3
[Ru(deabpy)(bpy)2]2+ 450 (452) 615 (650) NA 380 (235) 7.5
Oregon-Green 489 (506) 526 0.65 (0.22) 4.37 (2.47) 1.8
DM-Nerf 497 (510) 527 (536) 0.88 (0.37) 3.98 (2.50) 1.6
Cl-Nerf 504 (514) 540 0.78 (0.19) 4.00 (1.71) 2.3

aτ�A and τ�B refer to the mean lifetimes of the acid and base forms, respectively.
bAbbreviations: BCECF, 2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein; bpy, 2,2'-bipyridine; HPTS, 8-hydroxypyrene-1,3,6-
trisulfonate; deabpy, 4,4'-diethylaminomethyl-2,2'-bipyridine; bpy, 2,2'-bipyridine.
cNA: Not available.



One possible disadvantage of HPTS is that it undergoes
ionization in the excited state, rather than at ground-state
equilibrium. The fact that HPTS undergoes an excited-state
reaction can be recognized by noting that the excitation
spectra are comparable to the absorption spectra of both the
phenol and phenolate forms, but that there is only a single
long-wavelength emission spectrum (Figure 19.34). The
phenol form emits at shorter wavelengths and is only seen
in highly acidic media. The presence of excited-state ion-
ization is also indicated by a higher apparent pKA in pure
water than in buffers.105 It is known that the pKA values of
the hydroxyl group for the ground- and excited-state HPTS
are 7.3 and 1.4, respectively,106 so that HPTS molecules in
the protonated state will tend to undergo ionization upon
excitation. It seems that any excited-state process will be
dependent on the details of the local probe environment.
Under most conditions excited-state ionization of HPTS is
complete prior to emission, so that only the phenolate emis-
sion is observed. Nonetheless, for sensing purposes we pre-

fer probes that display a ground-state pKa near 7.5. One dis-
advantage of HPTS has been the relatively short excitation
wavelength, particularly for the acid form. However, avail-
ability of blue light-emitting diodes (Chapter 2) may result
in increased use of HPTS.

SNAFL and SNARF pH Probes: A family of
improved pH probes became available in 1991.109 These
dyes are referred to as seminaphthofluoresceins (SNAFLs)
or seminaphthorhodafluors (SNARFs). Representative
structures are shown in Figure 19.35. A favorable feature of
these probes is that they display shifts in both their absorp-
tion and emission spectra with a pKA from 7.6 to 7.9 (Fig-
ure 19.36). Also, the absorption and emission wavelengths
are reasonably long, so that both forms of the probes can be
excited with visible wavelengths near 540 nm (Table 19.2).
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Figure 19.34. Top: Excitation spectra of the pH probe 1-hydrox-
ypyrene-3,6,8-trisulfonate (HPTS) in 0.07 M phosphate buffer at var-
ious pH values. Bottom: Emission spectra of HPTS when excited at
454 nm. Revised from [105].

Figure 19.35. Wavelength-ratiometric pH sensors. Carboxy SNAFL-
2 is a seminaphthofluorescein, carboxy SNARF-6 is a seminaph-
thorhodafluor, and CNF is 5-(and 6-)carboxy-naphthofluorescein.



The spectral shifts (Figure 19.36) allow the SNAFLs and
SNARFs to be used as either excitation or emission wave-
length-ratiometric probes.

The fact that both the acid and base forms of the probe
are fluorescent allows their use as lifetime probes. If only
one form was fluorescent then the lifetime would not
change with pH. The pH-dependent phase and modulation
data of carboxy SNARF-6 shows a strong dependence on
pH (Figure 19.37). The decay time of the base form is less
than that of the acid form. The decay times at pH 4.9 and
9.3 are 4.51 and 0.95 ns, respectively.110 pH sensing based
on lifetimes can provide stable measurements for extended
periods of time. However, it is important to recognize that
lifetime measurements, like intensity ratio measurements,
can be affected by interactions of the probes with biological
macromolecules. The intensity decays of carboxy SNARF-
1 were found to be sensitive to the presence of serum albu-
min, or intracellular proteins.111

There is continued development of new pH
probes112–113 and sensors.114–116 For clinical applications,
longer wavelengths are usually preferable. This was accom-

plished with the SNAFL probes by introduction of an addi-
tional benzyl ring into the parent structure (Figure 19.35).
This carboxynaphthofluorescein (CNF)118 shows shifts in
the absorption and emission spectra with pH (Figure 19.38).
pH probes have been developed using cyanine dyes119 and a
pH sensor excitable at 795 nm has been described.120–121

This carboxy carbocyanine dye shows a decrease in intensi-
ty near pH 8.5, but does not display spectral shifts, except
at short wavelengths near 435 nm. UV-excitable pH probes
with multiple pKA values from 1.7 to 9.0 have also been
described.122 For clinical applications with simple instru-
ments it can be valuable to have long-lifetime pH probes. A
pH-sensitive ruthenium metal–ligand complex with a decay
time near 300 ns has been reported with a pKA value near
7.5.123 Additionally, a pH-dependent lanthanide has also
been reported.124 Given the continuing need for pH meas-
urements, additional advances in practical pH sensors can
be expected.

19.7. PHOTOINDUCED ELECTRON TRANSFER
(PET) PROBES FOR METAL IONS AND 
ANION SENSORS

In the previous section we saw how probes could be de-
signed based on reversible ionization of a group in conjuga-
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Figure 19.36. pH-dependent absorption (top) and emission spectra
(bottom) of carboxy SNARF-6. The dashed line shows the transmis-
sion cutoff of the long-pass filter used for the phase and modulation
measurements. Revised and reprinted with permission from [110].
Copyright © 1993, American Chemical Society.

Figure 19.37. pH-dependent phase and modulation of carboxy
SNARF-6 when excited at 543 nm with a green He-Ne laser. The
phase values are relative to the value at high pH, φ0 = 41°. The mod-
ulation values are relative to the value at low pH, m0 = 0.25. Revised
and reprinted with permission from [110]. Copyright © 1993,
American Chemical Society.



tion with the aromatic ring (Figure 19.39). Another mecha-
nism for sensors is the quenching interaction of a linked
side chain with the fluorophore. The origin of these probes
can be traced to the early studies of exciplex formation of
amines with aromatic hydrocarbons. This phenomenon has
been exploited to develop sensors based on quenching of
fluorophores by amines.125–128 The basic idea is that
quenching by amines requires the lone pair of electrons
localized on the nitrogen (Figure 19.40). When the fluo-
rophore is in the excited state these lone pair electrons are
in a higher-energy orbital (HOMO, top) than the energy of
the vacancy left by the excited electron. Hence, an electron
from the nitrogen enters this lower-energy orbital, effective-
ly quenching the fluorescence. If the lone electron pair
binds a proton or a cation the energy of this pair is lowered
(bottom). Electron transfer is then inhibited and the fluo-
rophore is not quenched.  Such probes are said to undergo 
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Figure 19.38. Absorption (top) and emission spectra (bottom) of the
acid and base form of carboxynaphthofluorescein (CNF). Revised and
reprinted with permission from [117]. Copyright © 2001, American
Chemical Society.

Figure 19.39. Chemical sensing based on photoinduced electron
transfer.

Figure 19.40. Molecular orbital energy and a typical structure for a
PET sensor. Revised from [128].



photoinduced electron transfer (PET), which is the light-
induced transfer of electrons from the nitrogen into the aro-
matic ring. A simple example of a PET sensor is the alky-
lamino anthracene shown in Figure 19.41. At low pH the
amino group is protonated and does not quench the anthra-
cene. As the pH is increased, the amino group becomes
unprotonated, and the fluorescence decreases due to PET.

This use of PET has been extended to create sensors for
metal ions129–131 and for nonmetal anions.132–136 As an
example, Figure 19.42 shows an anthracene derivative with
an aminoalkyl side chain which binds phosphate. Hydrogen
bonding of phosphate to the amino groups results in
increased anthracene fluorescence. A similar approach was
used to create an anthracene derivative that displays

increased fluorescence when bound to citrate (Figure
19.43). The structures of these phosphate and citrate probes
illustrate the rational design of fluorophores based on
known principles. Unfortunately, PET mechanism may not
be extendable to long-wavelength probes because quench-
ing by amines becomes inefficient at long wavelengths.

19.8. PROBES OF ANALYTE RECOGNITION

Extensive efforts have been directed toward the design and
synthesis of fluorescent probes for cations: Na+, K+, Mg2+

and especially Ca2+. These efforts can be traced to the dis-
covery of crown ethers and their ability to form complexes
with metal ions,137–139 and subsequent work to create more
complex structures to bind a variety of small molecules.
The greatest effort has been in synthesis of probes for cal-
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Figure 19.41. pH-dependent fluorescence of 9-chloro-10-(diethyl-
aminomethyl)anthracene. Revised and reprinted with permission from
[126]. Copyright © 1989, American Chemical Society.

Figure 19.42. Phosphate sensing with an alkylamino anthracene derivative. Revised and reprinted with permission from [134]. Copyright © 1989,
American Chemical Society.

Figure 19.43. Emission spectra of an alkylaminoanthracene derivative
in the presence of various amounts of citrate at pH 6. From bottom to
top, [Citrate] = 0, 0.1, 1, 10 mM, 0.1 M, 0.2 M. Revised from [134].



cium, and entire books have been devoted to calcium
probes.140 Much of this work can be traced to the develop-
ment of intracellular cation probes by Tsien and col-
leagues.141–143 Since these initial publications many addi-
tional cation probes have been developed. It is not possible
to completely describe this extensive area of research.
Instead we describe the most commonly used cation sen-
sors, and the strength and weaknesses of existing probes.

19.8.1. Specificity of Cation Probes

A survey of the literature reveals that a large number of
diverse structures can chelate cations. However, a dominant
use of these probes is imaging of intracellular cations. In
this case the indicators have to be sensitive to the intracel-
lular concentrations of cations or anions (Table 19.3). These
concentrations define the affinity needed by the chelators
for the cation and the degree of discrimination required

against other cations. For example, a probe for K+ in blood
is not useful unless it does not bind Na+ at its physiological
concentration of 140 mM. Also, it is desirable to have a
means for trapping the probes within cells. These criteria
suggest a group of chelators that are useful for intracellular
probes. The azacrown ethers have suitable affinity constants
for Na+ and K+, APTRA is a chelator for Mg2+, and BAPTA
is a suitable chelator for Ca2+ (Figure 19.44). These are the
dominant chelation groups used in intracellular cation
probes.

19.8.2. Theory of Analyte Recognition Sensing

Suppose the probe can exist in two states, free (PF) and
bound (PB) to the analyte (A). If the binding stoichiometry
is 1 to 1, the dissociation reaction is given by

(19.6)

and the dissociation constant is defined as

(19.7)

The relative concentrations of the free and bound form of
the probes are given by

(19.8)

(19.9)

where [P] is the total concentrations of indicator ([P] = [PF]
+ [APB]).

These equations can be used to calculate the relative
amounts of free and bound probes as the analyte concentra-
tion is increased (Figure 19.45). The range of analyte con-
centrations that can be measured are those for which there
exist significant amounts of each form of the probe. The
analyte concentration range over which a probe can be used
is determined by the dissociation constant, KD (Figure
19.45). This is a critical factor in using probes that bind spe-
cific analytes. The binding constant of the probe must be
comparable to analyte concentration. The useful range of
analyte concentrations is typically restricted to 0.1KD < [A]
< 10KD. Concentrations lower than 0.1KD and higher than

�APB�
�P�

�
�A�

KD � �A�

KD �
�PF�

�APB�
�A�

KD �
�PF�

�APB�
�A�

APB � A � PF
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Table 19.3. Typical Analyte Concentrations in 
Blood Serum and in Resting Cells

Analyte              In blood serum (mM)                In resting cells (mM)

H+ 34–45 nM 10–1000 nM
(pH) (7.35–7.46) (6–8)
Na+ 135–148 4–10
K+ 3.5–5.3 100–140
Li+ 0–2 –
Mg2+ – 0.5–2
Ca2+ 4.5–5.5 50–200 nM
Cl– 95–110 5–100
HCO3

– 23–30 –
CO2 4–7 (% Atm) –
O2 8–16 (% Atm) –

Figure 19.44. Chelating groups for Na+, K+, Mg2+, and Ca2+.



10KD will produce little change in the observed signal. In
the use of fluorescence sensing probes, and eqs. 19.6–19.9,
we are assuming that the analyte is present in much greater
concentration than the probe. Otherwise, the probe itself
becomes a buffer for the analyte and distorts the analyte
concentration.

Intensity-Based Sensing: There are a number of
probes that display changes in intensity but do not display
spectral shifts. Such probes include the calcium probes Cal-
cium GreenJ, Fluro-3, and Rhod-2. In these cases the ana-
lyte concentration can be obtained from

(19.10)

where Fmin is the fluorescence intensity when indicator is in
the free form, Fmax is the intensity when the indicator is
totally complexed, and F is the intensity when indicator is
partially complexed by analyte. Changes in the fluores-
cence intensity are typically due to different quantum yields
of the free and complexed forms, rather than differences in
the absorption spectrum. The changes in quantum yield
have been explained as due to formation of twisted internal
charge-transfer (TICT) states or to changes in the extent of
PET.

In order to determine the analyte concentration using
eq. 19.10, all intensities must be determined with the same
instrumental configuration, the same optical path length,
and the same probe concentration. These requirements are
often hard to satisfy, especially in microscopy when observ-
ing cells. Measurement of Fmax and Fmin requires lysing the

cells and titrating the released indicator, or using
ionophores to saturate the indicator. These calibration
methods do not compensate for dye loss due to photo-
bleaching or leakage during the experiment, and can also
alter the spatial distribution of the probe. For this reason it
is desirable to have methods that are independent of probe
concentration. This is possible using wavelength-ratiomet-
ric probes or lifetime-based sensing.

Wavelength-Ratiometric Probes: Many probes dis-
play spectral shifts in their absorption or emission spectra
upon binding analytes. In these cases the analyte concentra-
tions can be determined from a ratio of intensities, inde-
pendent of the overall probe concentration. For excitation-
ratiometric probes the analyte concentration can be deter-
mined by143

(19.11)

where R = F(λ1)/F(λ2) is the ratio of intensities for the two
excitation wavelengths λ1 and λ2. Rmin and Rmax are the
ratios for the free and the complexed probe, respectively.
For an excitation wavelength-ratiometric probe the value of
SF(λ2) and SB(λ2) are related to the extinction coefficients
and quantum yields of the probe excited at λ2:

(19.12)

For an emission wavelength-ratiometric probe one can use
eq. 19.11 with the values of SF(λ2) and SB(λ2). They are
related to the relative intensities of the free and bound forms
of the probe:

(19.13)

Unlike intensity-based measurements, use of wavelength-
ratiometric probes and eq. 19.11 makes the measurements
independent of probe concentration.

19.8.3. Sodium and Potassium Probes

Typical Na+ and K+ probes are shown in Figure 19.46, and
all of these contain azacrown groups or a closely related
structure. The first reported probes141 were sodium-binding
benzofuran isophthalate (SBFI) for Na+ and potassium-
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Figure 19.45. Relations between analyte concentration ([A]), dissoci-
ation constant (KD) of the analyte-probe complex, and relative concen-
trations of the free (PF) and bound (PB) forms of the probe.



binding benzofuran isophthalate (PBFI) for K+ (Table
19.4). While designed to be excitation wavelength-ratio-
metric probes, these probes suffer several disadvantages.
They require UV excitation, which results in substantial

amounts of autofluorescence from cells. The excitation
spectra show only minor changes in shape upon binding of
Na+ and K+ to these probes (Figure 19.47). Apparently, the
charge densities of these singly charged cations are not suf-
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Table 19.4. Spectral and Lifetime Properties of Mg2+, Na+, and K+ Probes

Excitationa Emission                                                  Lifetime (ns) a

Probeb λF (λB) [nm]               λF (λB) [nm]                          QF (QB)                τ�F (τ�B)              KD (mM)

Mg2+ Probes
Mag-Quin-1 348 (335) 499 (490) 0.0015 (0.009) 0.57 (10.3) 6.7
Mag-Quin-2 353 (337) 487 (493) 0.003 (0.07) 0.84 (8.16) 0.8

Mag-Fura-2 369 (330) 511 (491) 0.24 (0.30) 1.64 (1.72) 1.9
Mag-Fura-5 369 (332) 505 (482) NAc 2.52 (2.39) 2.3
Mag-Indo-1 349 (330) 480 (417) 0.36 (0.59) 1.71 (1.90) 2.7
Mag-Fura-Red 483 (427) 659 (631) 0.012 (0.007) 0.38 (0.35) 2.5

Mg Green 506 532 0.04 (0.42) 0.98 (3.63) 1.0
Mg Orange 550 575 0.13 (0.34) 1.06 (2.15) 3.9

Na+ Probes
SBFI 348 (335) 499 (490) 0.045 (0.083) 0.27 (0.47) 3.8
SBFO 354 (343) 515 (500) 0.14 (0.44) 1.45 (2.09) 31.0

Na Green 506 535 7-foldd 1.14 (2.38) 6.0

K+ Probes
PBFI 336 (338) 557 (507) 0.24 (0.72) 0.47 (0.72) 5.1
CD 222 396 (363) 480 (467) 3.7-fold 0.17 (0.71) 0.9

aF and B refer to the free and cation-bound forms of the probes, respectively.
bAbbreviations: SBFI, sodium-binding benzofuran isophthalate; SBFO, sodium-binding benzofuran oxazole; PBFI, potassium-
binding benzofuran isophthalate.
cNA: not available.
dQB/QF = 7.

Figure 19.46. Representative Na+ and K+ probes. Sodium Green is a
trademark of Molecular Probes Inc.

Figure 19.47. Excitation (SBFI, PBFI and CD 222) and emission
(Sodium Green) spectra of Na+ and K+ probes in the presence of var-
ious concentrations of the ions. Sodium Green is a trademark of
Molecular Probes Inc. Data from [144].



ficient to result in substantial spectral shifts. In support of
this hypothesis, one notices that PBFI, which binds the larg-
er K+ ion, shows a smaller spectral shift than that seen for
binding for Na+ and SBFI.

A coumarin-based probe is available for K+: CD222.
This probe has a more complex chelating group (Figure
19.46) that is directly connected to the coumarin fluo-
rophore.145–146 This probe can be excited at longer wave-
lengths than SBFI and PBFI, and displays larger spectral
shifts (Figure 19.47). The dissociation constant for K+ bind-
ing to CD222 is near 1 mM (Table 19.4). This probe is use-
ful for measurements of extracellular K+, but the binding is
too strong for measurements of intracellular K+ (Table
19.3). The apparent KD of CD222 for K+ is increased in the
presence of Na+. As a result, CD222 may be useful for
measurements of extracellular K+ in blood in the concentra-
tion range 3–6 mM.147 Several other probes with a coumarin
fluorophore and a chelator for K+ have been de-
scribed.148–150 Given the availability of blue and UV LEDs,
these probes may soon find use in simple clinical devices.

In an effort to avoid cellular autofluorescence, several
Na+ and K+ probes have been developed for longer excita-
tion wavelength. One of these probes is Sodium GreenTM,
which is a sodium-specific azacrown conjugated on both
nitrogens to a dichlorofluorescein (Figure 19.46). Sodium
Green can be excited at 488 nm, and displays increasing
intensity in the presence of increasing concentrations of
Na+ (Figure 19.47). Unfortunately, Sodium Green does not
display any spectral shifts, so that wavelength-ratiometric
measurements are not possible. Furthermore, the analogous
probe for potassium has not been reported, so that K+

probes are limited in number.
The inability to develop wavelength-ratiometric probes

for Na+ and K+, particularly with long excitation and emis-
sion wavelengths, illustrates an advantage of lifetime-based
sensing. Sodium Green was found to display a multi-expo-
nential decay, with lifetimes of 1.1 and 2.4 ns in the absence
and presence of Na+, respectively.151 The phase and modu-
lation values (Figure 19.48) are independent of total inten-
sity, allowing the concentration of Na+ to be determined
even if the probe concentration is unknown. Cation-depend-
ent decay times of SBFI and PBFI have been reported.
Unfortunately, SBFI, PBFI, and similar probes display only
modest changes in lifetime,152–154 so that these probes do
not seem suitable for lifetime-based sensing of Na+ or K+.
CD222 does display useful changes in lifetime in response
to K+, even in the presence of large amounts of Na+. In this
case, lifetime-based sensing of K+ using CD222 at the con-

centration present in blood appears to be possible. In con-
trast, CD222 does not allow wavelength-ratiometric meas-
urements of K+ in the presence of 100 mM sodium.147

19.8.4. Calcium and Magnesium Probes

Calcium probes are perhaps the most widely used intracel-
lular indicators (Figure 19.49). These indicators are based
on the BAPTA chelator, which binds Ca2+ with affinities
near 100 nM (Table 19.5). These probes are suitable for
measurements of intracellular Ca2+, but bind Ca2+ too tight-
ly for measurement of Ca2+ in blood or serum, which is near
5 mM (Table 19.3). These probes are often used in fluores-
cence microscopy, where the local probe concentration is
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Figure 19.48. Sodium-dependent phase (φ) and modulation (m) of
Sodium Green. Excitation was at 514 nm, and emission was observed
above 530 nm. Data from [151].

Figure 19.49. Representative Ca2+ and Mg2+ probes.



unknown. The salt forms of these dyes (Figure 19.49) do
not diffuse across cell membranes, so that the cells need to
be labeled by microinjection or electrophoration. BAPTA-
based probes are also available with esterified carboxy
groups, the so-called acetoxymethyl esters (AM esters).
Figure 19.49 shows the AM ester of Indo-1. In this form the
dyes are less polar and passively diffuse across cell mem-
branes. Once inside the cell the AM esters are cleaved by
intracellular esterases, and the negatively charged probe is
trapped in the cells.

Fura-2 and Indo-1 are both wavelength-ratiometric
probes. Fura-2 displays a large shift in its absorption spec-
trum upon binding Ca2+, and is thus used with two excita-
tion wavelengths (Figure 19.50).155 Indo-1 displays a shift
in its emission spectrum upon binding Ca2+. Indo-1 can be
used with two emission wavelengths, and a single excita-
tion wavelength. Thus Indo-1 is preferred when using laser
excitation sources, such as in a laser scanning microscope,
where it is difficult to get two different excitation wave-
lengths.

Like the Na+ and K+ probes, Fura-2 and Indo-1 absorb
in the UV. This is a disadvantage because of cellular auto-

fluorescence and because it is difficult to obtain microscope
optics with high-UV transmission. Hence it is desirable to
develop calcium probes with longer excitation and emission
wavelengths. Coumarin156 and styryl-based157 calcium
probes have been developed but have not yet been widely
used. The excitation spectra of one such probe are shown in
Figure 19.51. These probes allow excitation up to 520 nm,
but wavelength-ratiometric measurements require a second
excitation wavelength below 430 nm.

Calcium probes based on fluoresceins and rhodamines
are also available.158–159 These probes typically have a
BAPTA group linked to the fluorophore, rather than being
part of the fluorophore. We refer to such probes as conju-
gate probes. One example is Calcium Green-1J (Figure
19.49), which shows an approximately eight-fold increase
in fluorescence upon binding calcium (Figure 19.50). Cal-
cium Green-1J is just one member of a series of conjugate
probes for Ca2+ that display a range of emission wave-
lengths. Because Calcium Green-1 does not display a spec-
tral shift it cannot be used for wavelength-ratiometric meas-
urements. However, the lifetimes of the Calcium GreenJ

series all increase on Ca2+ binding, allowing the calcium

648 FLUORESCENCE SENSING

Table 19.5. Spectral and Lifetime Properties of Ca2+ Probes

Excitation a Emission                                           Lifetime (ns) a

Probe                                   λF (λB) [nm]                  λF(λB) [nm]                      QF(QB)              τ�F (τ�B)               KD (nM)

Quin-2 356 (336) 500 (503) 0.03 (0.14) 1.35 (11.6) 60.0

Fura-2 362 (335) 518 (510) 0.23 (0.49) 1.09 (1.68) 145.0
Indo-1 349 (331) 482 (398) 0.38 (0.56) 1.40 (1.66) 230.0

Fura Red 472 (436) 657 (637) Low QY b 0.12 (0.11) 140.0
BTC c 464 (401) 531 NA d 0.71 (1.38)

Fluo-3 504 526 40-fold 0.04 (1.28) 390
Rhod-2 550 581 100-fold NA 570

Ca Green 506 534 0.06 (0.75) 0.92 (3.60) 190
Ca Orange 555 576 0.11 (0.33) 1.20 (2.31) 185
Ca Crimson 588 611 0.18 (0.53) 2.55 (4.11) 185
Ca Green-2 505 536 ~100-folde NA 550
Ca Green-5N 506 536 ~30-fold NA 14,000
Ca Orange-5N 549 582 ~5-fold NA 20,000

Oregon Green
BAPTA-1 494 523 ~14-fold 0.73 (4.0) 170
BAPTA-2 494 523 35-fold NA 580
BAPTA-5N 494 521 NA NA 20,000

aF and B refer to the Ca2+ free and Ca2+-bound forms of the probes, respectively.
bLow quantum yield.
cBTC, coumarin benzothiazole-based indicator.
dNA: not available.
eThe term x-fold refers to the relative increase in fluorescence upon cation binding.



concentration to be determined from the lifetimes.160–161

One of the first calcium probes, Quin-2, displays a tenfold
increase in lifetime when bound to calcium.162–163 However,
Quin-2 requires UV excitation and displays a low quantum

yield, so that it is now used less frequently. Recently, Ca2+

probes based on squaraines have been reported, allowing
excitation wavelengths as long as 635 nm.164–165

While the use of the calcium probes seems straightfor-
ward, calibration is difficult when such probes are located
within cells.166–170 When used as intracellular indicators, the
calcium probes are typically calibrated in the presence of
other intracellular ions at their expected concentrations.171

It is difficult to maintain nanomolar Ca2+ concentrations in
the calibration solutions, and the probes themselves can
alter the overall Ca2+ concentration. For this reason, calci-
um buffers have been developed and are commercially
available. And, finally, the probe may interact with intracel-
lular macromolecules, or by phototransformation during
illumination in the microscope, resulting in altered behavior
compared to the calibration data.166,172

Calcium probes have also been developed using aza-
crown ethers as the chelator rather than BAPTA.173–177

However, these probes have been mostly studied in organic
solvents and used to study the effects of Ca2+ on electron
transfer. Magnesium-sensitive probes are available (Table
19.4),176–184 and some have been characterized as lifetime
probes.184 These probes typically have the APTRA chelator,
rather than BAPTA, as can be seen for the calcium probe
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Figure 19.50. Excitation (Fura-2) and emission spectra (Indo-1, Calcium Green-1 and Magnesium Orange) of Ca2+ and Mg2+ probes in the presence
of various concentrations of the ion. Revised from [142] and [144].

Figure 19.51. Excitation spectra of the coumarin benzothiazole-based
indicator (BTC) lithium salt in Ca2+ solutions with concentrations
ranging from 1.3 to 100 μM CaCl2. Revised from [156].



Indo-1, and the analogous magnesium probe Mag-Indo-1
(Figure 19.52).

19.8.5. Probes for Intracellular Zinc

In recent years there has been increased interest in zinc. It
is well known that zinc if bound to a number of enzymes
and plays a structural role in zinc finger proteins. At present
there is interest in the possible rate of zinc in plaque forma-
tion in Alzheimer's disease, post-ischemic toxicity, and as a
neurotransmitter.185 A number of zinc-sensitive fluo-
rophores are now available.186–189 Most of these probes con-
tain the chelating group shown for Zinpry-1 (Figure 19.53).
These probes show increases in fluorescence in the pres-
ence of zinc, which is probably due to a decrease in the
amount of PET quenching in the zinc-bound form. The dis-
sociation constants of these probes are near 1 to 3 nM. The

levels of free zinc in cells may be in the picomolar range, so
that zinc probes with higher affinity are needed.190–191

19.9. GLUCOSE-SENSITIVE FLUOROPHORES

The principles of analyte recognition have been used to
develop fluorophores that are sensitive to glucose. There is
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Figure 19.52. Chemical structures of the calcium probe of Indo-1 and
the magnesium probe Mag-Indo-1. Data from [181].

Figure 19.53. Chemical structure and emission spectra of Zinpyr-1.
Reprinted with permission from [186]. Copyright © 2000, American
Chemical Society.

Figure 19.54. Glucose sensor based on photoinduced electron transfer. Revised from [194].



vast literature on this topic,192–193 from which we have
selected several examples. These probes use boronic acid as
part of the fluorophore. Boron forms complexes with diols,
which has been used for decades for oxidation of sugars.
Complexation of sugars to boron-containing fluorophores
can result in changes in the emission intensity.194–195 For the
probe shown in Figure 19.54 complexation of sugars to the
boron influences the extent of photoinduced electron trans-
fer from the amino group. Depending on pH and sugar con-
centration, the anthracene group is either fluorescent or
nonfluorescent. Figure 19.55 shows emission spectra of a
similar probe. Addition of glucose results in an eight-fold
increase in intensity.

A disadvantage of the probe shown in Figure 19.55 is
that it is not wavelength ratiometric. Wavelength-ratiomet-
ric probes for glucose are now known.197–200 One example
is shown in Figure 19.56. This probe does not display PET
quenching. Instead, complexation with glucose affects the
extent of charge transfer from the amino group to the boron-
ic acid. Upon binding of sugar there is more electron densi-
ty on the boron, which decreases the extent of charge trans-
fer and results in a blue shift in the emission spectra. Fruc-
tose usually gives the largest spectral change with such
probes because it is the most reducing sugar. A difficulty
with boronic acid fluorophores (BAFs) is to obtain a sugar-
dependent spectral change at physiological pH. Many BAFs
show sugar-dependent spectral changes only at pH 8 or
higher. Several BAFs are now known that are sensitive at
pH 7.5.201–202

19.10. PROTEIN SENSORS

Another approach to sensing is to use proteins that bind the
analyte of interest.203–209 The usual approach is to express
the recombinant protein with a single-cysteine residue for
labeling. The probe is usually selected to be sensitive to sol-
vent polarity, and the cysteine residue is positioned close to
the binding site. Binding of the analyte to the protein may
result in a change in the environment around the probe and
a change in its fluorescence intensity. Protein sensors have
been made for glucose,210–212 maltose,213–214 and other ana-
lytes.215–218 Protein sensors are frequently based on the
periplasmic protein from E. coli. These proteins provide the
chemotactic signals needed by the bacterium to move
toward nutrients. These signaling proteins have two
domains.219 The binding site is located between the
domains that usually move closer together upon ligand
binding.

Figure 19.57 shows an example of an engineered pro-
tein for glucose sensing. This protein sensor is based on the
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Figure 19.55. Glucose-dependent emission spectra of the shown
structure. From [196].

Figure 19.56. Emission spectra and wavelength ratios of the saccha-
ride-sensitive probe DSTBA. Reprinted with permission from [200].
Copyright © 2001, American Chemical Society.



glucose-galactose binding protein (GGBP) from E. coli.
The wild-type protein contains no cysteine residues. GGBP
was mutated by insertion of a single-cysteine residue at
position 26, which was labeled with a sulfhydryl-reactive
analogue of ANS. Upon addition of glucose the ANS inten-
sity decreases about twofold. This decrease probably occurs
because glucose binding brings the two domains closer
together. The ANS is distant from the glucose-binding site
and probably becomes more exposed to water when the
domains move closer together.

A different periplasmic protein from E. coli was used
to make a protein sensor for phosphate.214–215 In one of
these sensors a cysteine residue was inserted at residue 197
and labeled with a coumarin derivative (Figure 19.58). In
this case binding of the phosphate ligand resulted in a dra-
matic increase in fluorescence intensity that is probably the
result of shielding the fluorophore from water.

19.10.1. Protein Sensors Based on RET

The large intensity change displayed by the phosphate sen-
sor (Figure 19.58) is exceptional. Most protein sensors dis-
play smaller changes of 1.5- to 2-fold, comparable to that
shown for the glucose sensor in Figure 19.57. The scientif-
ic literature does not contain many reports of experiments
which did not work, but it is likely that many laboratories
attempted to make protein sensors using the periplasmic
proteins and RET. It was logical to speculate that the chang-
ing distance between the domains would result in a change
in RET between donors and acceptors positioned on oppo-
site domains. Few such reports have appeared, probably
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Figure 19.57. Protein sensor for glucose based on the glucose–galac-
tose binding protein from E. coli. From [212].

Figure 19.58. Emission spectra (bottom) of a coumarin-labeled phos-
phate binding protein from E. coli (top) in the absence and presence
of 15 μM phosphate. Revised and reprinted with permission from
[214]. Copyright © 1998, American Chemical Society.



because the changes in distance have not been large enough
to result in large changes in the transfer efficiency.

This problem of a limited change in intensity was
solved by the use of RET between surface-bound reagents
(Figure 19.59). This example also illustrates the increasing-
ly sophisticated chemistry of sensors. This maltose sensor is
based on the maltose-binding protein (MBP) from E. coli.
The protein is bound to a NeutrAvidin surface by a biotiny-
lated linker. MBP is labeled with a nonfluorescent acceptor

QSY7. The donor is Cy3.5, which is also bound to the sur-
face by a specialized linker (Figure 19.60). This linker con-
tains a cyclodextrin that binds to MBP as well as the Cy3.5
donor. These components are bound to the surface by a
biotinylated DNA linker arm that contains regions of sin-
gle- and double-stranded DNA. The single-stranded region
is present to allow changes in rigidity of the DNA by bind-
ing of a complementary sequence called modulator DNA.
When both MBP and the linker are bound to the surface the
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Figure 19.59. Schematic of a surface-bound maltose sensor based on the maltose-binding protein from E. coli and RET. Reprinted with permission
from [220]. Copyright © 2004, American Chemical Society.

Figure 19.60. Linker arm containing the Cy3.5 donor and the cyclodextrin ligand. The fluorophore is bound to the surface via a biotinylated DNA
oligomer with a single stranded region for binding of modulator DNA. The lower panels show the change in donor intensity of the sensor (Figure
19.58) in response to maltose. Revised and reprinted with permission from [220]. Copyright © 2004, American Chemical Society.



donor is quenched because the cyclodextrin binds to the
protein that brings the Cy3.5 in close proximity to the
QSY7 acceptor. Since QSY7 is nonfluorescent it is also
called a quencher. Addition of maltose displaces cyclodex-
trin from MBP, resulting in an increased donor intensity
(Figure 19.59). The extent of binding and, more important-
ly, the extent of RET could be increased by binding of the
modulator DNA. These results describe a general strategy
for surface-bound sensors that are adjustable and yield large
changes in intensity. This approach is likely to be used in
sensors for a wide variety of analytes.

19.11. GFP SENSORS

In Chapter 3 we described the ability of GFP to undergo
internal reactions to create its own chromophore. This chro-
mophore is contained with a β-barrel structure and is usual-
ly not sensitive to the surrounding solution conditions. GFP,
its mutants, and the red coral proteins can be expressed in a
wide variety of cells and organisms.221 Hence, it would be
useful if these proteins could be engineered to become sen-
sitive to desired analytes. This has been accomplished in
several ways, including the use of RET and modification of
the protein structure so that the chromophore becomes sen-
sitive to the analyte.

19.11.1. GFP Sensors Using RET

Since RET is a through-space phenomenon it can be used to
modify the spectral properties of the GFP chromophore.
GFP sensors based on RET have been developed for sever-
al analytes, such as calcium,222–225 protein phosphoryla-
tion,225–226 histone methylation,227 and others.228–230 The
basic idea for these sensors is to make linked donor–accep-
tor GFP pairs where the conformation of the linker changes
in response to the analyte.

Figure 13.22 in Chapter 13 shows a GFP-RET sensor
for protein phosphorylation.225 Cyan fluorescent protein
(CFP) and yellow fluorescent protein (YFP) are used as the
donor–acceptor pair. CFP and YFP are linked by a peptide
that is a substrate for protein kinase. The linker also con-
tains a phosphorylation recognition domain that binds the
phosphorylated peptide. Binding of the phosphopeptide to
the recognition domain is expected to bring the GFPs clos-
er together, resulting in an increase in energy transfer. The
lower panel shows fluorescence ratio images of CHO cells
that express the sensor. When the cells are treated with
insulin the donor intensity at 480 nm decreases relative to

the acceptor emission at 535 nm. This result shows that
cells can be grown and express protein sensors designed to
detect a specific analyte or enzymatic activity.

Another example of a GFP-RET sensor is shown in
Figure 19.61. The donor is enhanced cyan fluorescent pro-
tein (ECFP) and the acceptor enhanced yellow fluorescent
protein (EYFP). The donor and acceptor are linked by the
catalytic and regulating domains of cGMP-dependent pro-
tein kinase (PK). The PK was modified by removal of
residues 1 to 47 (Δ1–47), which are responsible for dimer-
ization of this PK, insuring that the sensor is a monomer
within the cell. This sensor was expressed in CHO cells.
The cells were treated with 8-Br-cGMP, which is a phos-
phodiesterase-resistant analogue of cGMP. This treatment
results in a decrease in donor emission at 480 nm and a
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Figure 19.61. GFP-RET sensor for cGMP. Top: Schematic of sensor.
Middle: Spectral response of sensor. Bottom: Ratio images of CHO
cells expressing the GFP sensor. Revised and reprinted with permis-
sion from [230]. Copyright © 2000, American Chemical Society.



slight increase in acceptor emission at 535 nm (middle
panel). The ratio of donor-to-acceptor emission of the intra-
cellular protein shows that the extent of RET increases in
response to 8-Br-cGMP. Apparently, binding of cGMP or 8-
Br-cGMP brings the donor and acceptor closer together.

19.11.2. Intrinsic GFP Sensors

In the previous two examples RET was used as the trans-
ducer mechanism. RET was used because the chromophore
in GFP is usually shielded from the solvent. RET was also
used to obtain a wavelength-ratiometric sensor that is need-
ed to provide a quantitative interpretation of intracellular
fluorescence. Mutant GFPs have been identified that are
sensitive to chloride (Section 8.14.3) and pH. These pro-
teins typically do not display shifts in their emission spec-
tra231–234 and cannot be used as emission-ratiometric probes.
Some of the pH-sensitive GFP mutants display changes in
absorption with pH, but excitation-ratiometric probes are
less convenient than emission-ratiometric probes in fluores-
cence microscopy.

An emission wavelength-ratiometric pH-sensitive GFP
is now available.235 The absorption spectrum is sensitive to
pH; more importantly, the emission spectra are also sensi-
tive to pH (Figure 19.62). This sensitivity is not due to RET,
but to ionization of a tyrosine side chain. As might be
expected the longer-wavelength absorption and emission
occurs at higher pH where the tyrosine is ionized. This pro-
tein can be used for estimation of intracellular pH. Figure
19.63 shows images of fibroblasts transfected with the gene
for this GFP. The transfected cells show emission from the
blue emission near 460 nm (top panel) and the green emis-
sion near 515 nm (middle panel). These two emissions are
seen to be co-localized from the overlay with the light
image (lower panel).

In summary, it is now possible to grow cells, and prob-
ably organisms, that express GFPs with sensitivity to a wide
variety of ions and biomolecules.

19.12. NEW APPROACHES TO SENSING

19.12.1. Pebble Sensors and Lipobeads

A wide variety of fluorophores are available for sensing
cations and anions. These fluorophores are frequently used
for measurement of intracellular ion concentration. Howev-
er, these fluorophores can bind to intracellular biomole-
cules, which can alter the calibration curves by changing
the binding constants or causing shifts in the absorption or

emission spectra. The so-called Pebble sensors were devel-
oped to avoid interference due to binding of the probes to
biomolecules.

Pebble sensors consist of one or more fluorophores
embedded in polymer beads, typically made from polyacry-
lamide. The polymer is highly crosslinked and formed in
the presence of the desired fluorophores, which are then
trapped within the beads.236–240 The high degree of
crosslinking prevents proteins from entering the beads, so
that the calibration curve is the same inside and outside the
cells.

Pebble sensors have been developed for several ana-
lytes. Since the sensors are intended for intracellular use
with fluorescence microscopy it is important to have ratio-
metric data. Figure 19.64 shows a Pebble sensor for pH.
The beads were dense polymers made with 27% acrylamide
and 3% N,N-methlyene-bis(acrylamide). The pH indicator
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Figure 19.62. Absorption and emission spectra of a pH-sensitive GFP.
Reprinted with permission from [235]. Copyright © 2000, American
Chemical Society.



was fluorescein, which is not practical for wavelength-
ratiometric measurements. Wavelength-ratiometric meas-
urements were made possible by inclusion of sulforho-
damine, which is not sensitive to pH. Ratios of the intensi-

ties at 530 and 590 nm can be used to determine the pH
without interference from biomolecules.

The intracellular use of Pebble sensors is shown in Fig-
ure 19.65. In this case the Pebbles were made by encapsu-
lating Calcium Green and sulforhodamine in polyacry-
lamide beads.239 Sulforhodamine served as a calcium-insen-
sitive reference fluorophore. The laser scanning confocal
images of human SYSY neuroblastoma cells are shown in
Figure 19.65. Images were recorded using filters that trans-
mitted the emission of sulforhodamine (right) or calcium
green (left). The cells were treated with m-dinitrobenzene,
which caused the release of calcium from the mitochondria,
which resulted in an increase in the emission from Calcium
Green but no change in the emission from sulforhodamine.

Sensors using polymer beads have also been made by
coating the outer surface of polystyrene particles.241–245 This
has been accomplished by covalent attachment of probes to
the outer surface. Bead sensors have also been made by
coating polystyrene beads with lipids which bind the sens-
ing fluorophores. These particles are called Lipobeads.

19.13. IN-VIVO IMAGING

In-vivo imaging is an emerging futuristic application of flu-
orescence technology. By in-vivo imaging we mean the cre-
ation of three-dimensional fluorescence images of the inter-
nal structures of humans or small animals. In-vivo imaging
can be traced to the suggestion by Chance and coworkers
that images could be obtained from the diffusive migration
of photons in scattering tissues.246–248 Tissues are strongly
absorbing and strongly scattering at wavelengths below 600
nm (Figure 19.66). Tissue absorption and scattering is much
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Figure 19.63. Fluorescence and light images of fibroblast cells which
transiently express a pH-sensitive GFP. Top: Image at 435–485 nm.
Middle: Image at 490–685 nm. Bottom: Overlay of the fluorescence
images onto a light image. Reprinted with permission from [235].
Copyright © 2000, American Chemical Society.

Figure 19.64. Emission spectra of a Pebble sensor, a polyacrylamide
bead containing fluorescein as a pH-sensitive dye, and sulforho-
damine as a pH-insensitive reference dye. Reprinted with permission
from [238]. Copyright © 1999, American Chemical Society.



weaker above 650 nm, where tissues become somewhat
translucent. This can be seen from the red light at 670 nm
upon transillumination of a mouse.249 When long-wave-
length light passes through tissues the light migrates in a
diffusive manner, similar to molecules in the gas phase. The
photons move in a straight line until they are scattered,
which results in a change in direction. The extent of scatter-
ing is described by a scattering coefficient μs that is
expressed in units of reciprocal distance. Light passing
through the tissue can also be absorbed, which is expressed
as the absorption coefficient μa. Different tissues and differ-
ent regions of tissues have different values of μs and μa,
which affect the rate and distance over which photons can
migrate in the tissue. The concept of photon migration
imaging (PMI) is to measure spatially dependent transport
of photons in tissues and to use the information to construct
an image of the internal structure of the tissue.246–248 This
problem is much more difficult than x-ray computerized
tomography because essentially none of the photons pass
through the tissue without undergoing numerous scattering
events.

One difficulty in PMI is the limited contrast in μs and
μa between different regions of tissues. As a result there are
attempts to increase the contrast by using injected dyes such
as indocyanine green.250–251 The instrumentation and algo-
rithms developed for PMI are directly applicable to fluores-
cence in-vivo imaging. Figure 19.67 shows a relatively
straightforward approach to in-vivo imaging. The mouse
contained a tumor that overexpresses receptors for the pep-
tide hormone somatostatin. The mouse was injected with an
analogue to somatostatin labeled with a tricarbocyanine
dye. The mouse was illuminated at 740 nm and imaged
from the same side with a CCD camera. The location of the
tumor is clearly seen from its long-wavelength emission.
This tumor visualization was possible because of the weak
light absorption of tissues and the absence of significant tis-
sue autofluorescence at these long wavelengths.

Fluorescence is also being used for three-dimensional
imaging of tissues.254–255 This is accomplished by measur-
ing the intensities or lifetimes with the light source and
detector placed at a large number of locations around the
animal256–258 (Figure 19.68). Sophisticated algorithms are
used to reconstruct the image from the data. An important
development for in-vivo imaging is the fluorogenic probes
for specific enzymes or tumors.259–261 The image in Figure
19.68 was obtained with a peptide–polymer conjugate that
was heavily labeled with Cy5.5. The fluorescence of the
closely spaced Cy5.5 molecules was self-quenched due to
the degree of labeling. The sequence of the peptide provid-
ed a cleavage site for a cathepsin. These enzymes degrade
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Figure 19.65. Laser scanning confocal microscopy images of human
SYSY neuroblastoma C6 glioma cells containing Pebble sensors for
calcium. The sensors contained Calcium Green and sulforhodamine as
a reference dye. Images were recorded before (top) and after (bottom)
treatment with m-dinitrobenzene. Revised and reprinted with permis-
sion from [239]. Copyright © 1999, American Chemical Society.

Figure 19.66. Absorption coefficient of typical tissue. The insert
shows the transillumination of a mouse at 670 nm. Revised from
[249].



the extracellular matrix, and are often present at elevated
levels in cancerous tissues and for other disease states.262–264

The mouse in Figure 19.68 had a gliosarcoma surgically
implanted in the brain.

The labeled peptide was cleaved by a cathepsin in the
tumor, resulting in increased intensity from Cy5.5 (color
spot in Figure 19.68). The spot was superimposed on the
MRI image of the same mouse. It is unlikely that in-vivo
fluorescence imaging will provide the high spatial resolu-
tion available with MRI or CT. However, one can imagine a
wide variety of labeled molecules that will localize in
desired locations and be sensitive to specific enzymes. Flu-
orescence in-vivo imaging can add functional or physiolog-
ical information to the images obtained using other modal-
ities.

19.14. IMMUNOASSAYS

Immunoassays constitute a large and diverse family of
assays that are based on many of the principles described in
this book. The basic idea is to couple the association of anti-
body (Ab) with antigen (Ag) to some other event that yields
an observable spectral change. Various mechanisms are
possible, including energy transfer, anisotropy, delayed lan-
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Figure 19.67. Fluorescence imaging of a labeled somatostatin ana-
logue in a mouse tumor. The images were taken before (middle) and
after (bottom) injection with the labeled peptide. The upper panel
shows a schematic of the instrument. Revised from [252–253].

Figure 19.68. Schematic of an instrument for three-dimensional small
animal imaging. PLS, programmable light switch. The image shows a
sagittal section of a combined MRI and fluorescence image of a
mouse injected with a cathepsin B-sensitive molecular beacon. From
[258].

Figure 19.69. Schematic of an enzyme-linked immunosorbent assay (ELISA). AP is alkaline phosphate. Ag is an antigen, and UmP is umbelliferyl
phosphate.



thanide emission, or the use of enzymes to amplify the sig-
nal from a limited number of antigens.265–270 The use of
antibodies as analytical tools can be traced to the develop-
ment of radioimmunoassays by Berson and Yalow,271 which
resulted in a Nobel prize. Since then immunoassays have
been widely used, but are now based mainly on fluores-
cence detection.

19.14.1. Enzyme-Linked Immunosorbent Assays
(ELISA)

The ELISA method is perhaps the most commonly used
immunoassay format owing to its high sensitivity, applica-
bility to a wide range of antigens, and the ability to remove
background by washing steps. This method relies on the
specific interaction between antigen and antibody. A sur-
face is coated with an antibody specific for the antigen of
interest. The sample is incubated with the surface-bound
antibody, to allow the antibody to capture the antigen (Fig-
ure 19.69). The sample is then exposed to a second antibody
that is covalently bound to an enzyme, typically alkaline
phosphatase (AP), horseradish peroxidase, or β-galactosi-
dase. Hence, the antigen must have more than a single anti-
genic site, and the second antibody must be different from
the first antibody. Following adequate time for binding, the
surface is washed to remove unbound enzyme-labeled anti-
body and the enzyme substrate is added. In the case shown
in Figure 19.69 the enzyme alkaline phosphatase cleaves
nonfluorescent umbelliferyl phosphate (UmP), yielding to
the highly fluorescent umbelliferone. A signal is observed
only when the antigen is present.

ELISA assays exist in a number of formats. In some
cases the reaction product absorbs light, and in other cases
the product is strongly fluorescent. The second antibody is
not always labeled with enzyme but can be detected with
yet another antibody that contains the bound enzyme. This
procedure eliminates the need to attach probe or enzyme to
a specific antibody that may be in short supply.

19.14.2. Time-Resolved Immunoassays

A variant of the ELISA method is the so-called "time-
resolved immunoassay."272–277 This type of assay also uses
a polymeric support containing the capture antibody. The
second labeled antibody has a covalently bound chelating
group that contains a lanthanide such as europium (Figure
19.70). Detection is accomplished by addition of a so-called
enhancer solution, which chelates the Eu3+ and has the nec-
essary chromophore for excitation of the lanthanide by
energy transfer (Figure 19.71). The enhancer solution is
needed because the lanthanides absorb light very weakly,
and are rarely excited directly. With the enhancer solution
light is absorbed by chelators, which then transfer the exci-
tation to the lanthanide. The chelating group is typically an
EDTA derivative that strongly binds the Eu3+. The Eu3+ can
be released from the chelator at low pH. The "time-resolved
immunoassays" can be performed by direct detection or in
a competitive format. Direct detection is usually used for
proteins which contain multiple antigenic sites.

These assays are called "time-resolved" because the
sample is excited with a pulse of light, and the detector is
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Figure 19.70. Time-resolved immunoassay based on the long-lived
emission of europium.

Figure 19.71. Europium in a fluorescent state following addition of
enhancer solution. Structures from [274]. Copyright © 1990, CRC
Press.



gated on following decay of the prompt autofluorescence.
Because the lanthanides display millisecond lifetimes, they
continue to emit long after the ns interferences have
decayed. The signal is integrated for a period of time, and
the assay is based on measurement of integrated intensity,
not a decay time. Hence, the phrase "time-resolved" should
not be confused with a lifetime measurement.

Time-resolved immunoassays continue to be devel-
oped for a variety of analytes.277–281 One example is a com-
petitive immunoassay for the sulfa antibiotic sulfamet-
hazine (SHZ) in food. The presence of residual antibiotics
in food is of concern because of the potential health risk to
humans and the development of antibiotic resistance in bac-
teria. This immunoassay is based on antibodies against
SHZ. These antibodies are bound to streptavidin-coated
microwell plates (Figure 19.72). These antibodies bind an
analogue of SHZ that contains a covalently bound europi-
um chelate (SHZ-Eu). This analogue is allowed to bind to
the antibodies. The assay is performed by adding the sam-
ple to the well, allowing time for binding, washing the
plate, then adding the enhanced solution and measuring the
time-delayed emission. The intensity decreases as the SHZ
increases because SHZ displays SHZ-Eu, and the SHZ-Eu

is washed out of the well prior to addition of the enhanced
solution.

19.14.3. Energy-Transfer Immunoassays

Resonance energy transfer provides an obvious approach to
measuring antigen–antibody association, and was suggest-
ed for immunoassays in 1976.282 Such an assay would typ-
ically be performed in a competitive format, and can be
homogeneous (Figure 19.73). Suppose the analyte is the tri-
azine herbicide simazine (SZ), which is shown as the open
shape in Figure 19.73. An antibody against SZ is labeled
with the donor Cy5 and bound to the bottom of the well.283

The acceptor Cy5.5 is bound to BSA, which also contains a
covalently bound analogue of SZ. The assay is then per-
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Figure 19.72. Competitive time-resolved immunoassay for sulfamet-
hazine (SMZ). Reprinted with permission from [280]. Copyright ©
2004, American Chemical Society.

Figure 19.73. Competitive RET immunoassay for the herbicide
simazine. Revised and reprinted with permission from [283].
Copyright © 2001, American Chemical Society.



formed by adding the sample that contains SZ. As SZ
increases the intensity of the surface-bound Cy5 donor
increases, because the Cy5.5-BSA is displaced by SZ. This
RET assay was facilitated by the large R0 for the
Cy5–Cy5.5 donor–acceptor pair,284 which is near 75 Å.
However, there is overlap in the emission spectra of Cy5
and Cy5.5. This overlap could be tolerated in this case
because the unbound acceptor was washed away. Some
background from Cy5.5 is acceptable because the Cy5
emission could be measured on the blue side of its emission
spectrum. It is usually easier to separately measure the
donor emission because the short-wavelength sides of emis-
sion spectra often drop sharply to zero, but there are almost
always tails at long wavelengths. Energy-transfer immuno-
assays have been described for other analytes,285–288 but it
can be difficult to obtain adequate energy transfer due to the
size of the proteins.

The difficulties of overlapping emission spectra of the
donors and acceptors can be minimized to some extent
using lanthanide donors and measurement of the sensitized
acceptor emission. Figure 19.74 shows an immunoassay for
the β subunit of human chorionic gonadotropin (βhCG).

Two antibodies were used and directed against different
epitopes of βhCG.289 One of the antibodies was labeled
with a terbium chelate as the donor, and the second anti-
body was labeled with TMR as the acceptor. Binding of
these two antibodies to βhCG resulted in long-lived sensi-
tive emission of the acceptor, which could be observed
selectively using a 570-nm emission filter. This wavelength
is near the peak of the rhodamine emission but is between
peaks of the structured terbium emission.

The lower panel shows time-resolved decays of the Tb
and TMR in a mixture containing the immune complex.
The decay of the Tb is slower than that of TMR because of
the presence of Tb-labeled antibodies that are free in solu-
tion or not near an acceptor. The intensity decay of TMR is
more rapid because the long-lived acceptor emission is due
to RET, so that the acceptor decay is the same as the decay
of the Tb bound near the acceptor. The use of sensitized
acceptor emission made it unnecessary to wash away excess
reagents, so that the assay could be performed in a homoge-
neous format.

19.14.4. Fluorescence Polarization Immunoassays

The final type of immunoassay is the fluorescence polariza-
tion immunoassay (FPI). Assays of this type are based on
anisotropy measurements of labeled antigens.290–291 The use
of the term "polarization" instead of anisotropy is historical,
and now entrenched in the literature. The anisotropy of a
mixture (r) is determined by the anisotropies of the free (F)
and bound (B) species (rF and rB) and their relative fluores-
cence intensities (fF and fB):

(19.14)

An FPI is a competitive assay that can be performed in a
homogeneous format. Suppose that the antigen is the hor-
mone cortisol (Cor).292 The assay mixture would contain
labeled cortisol, in this case labeled with fluorescein (Fl),
and antibody specific for cortisol (Figure 19.75). Prior to
addition of cortisol from the sample, the anisotropy will be

r � rFfF � rBfB
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Figure 19.74. Time-resolved RET immunoassay for βhCG. The lower
panel shows the intensity decay of the Tb donor and the TMR accep-
tor in a solution containing the complex shown in the top right.
Revised from [289].

Figure 19.75. Homogeneous fluorescence polarization immunoassay
for cortisol (Cor). Fl, fluorescein.



the highest due to binding of antibody to Cor-Fl. Free cor-
tisol from the sample will displace Cor-Fl from the anti-
body. The Co4Fl is now free to rotate, and the anisotropy
decreases.

Typical data for a cortisol FPI are shown in Figures
19.76 and 19.77. Cor-Fl was prepared by reaction of corti-
sol-21-amine with fluorescein isothiocyanate (FITC). Upon
mixing anti-Cor antibody (Ab) to cortisol with Cor-Fl the
polarization increased, which was presumed due to specific

binding of Ab to Cor-Fl. The specificity of the reaction was
confirmed by adding unlabeled cortisol, which resulted in a
decrease in polarization, and also by the absence of a
change in polarization due to nonspecific antibody (Δ).

To perform the cortisol assay one uses a mixture of Ab
and Cor-Fl, to which is added the serum sample. As the con-
centration of serum cortisol is increased, the polarization
decreases (Figure 19.77). The polarization values are used
to determine the cortisol concentration. Similar FPIs have
been developed for a wide range of low-molecular-weight
analytes, including antibiotics,293–294 cocaine metabo-
lites,295–296 therapeutic drugs,297–298 the immunosuppressant
cyclosporin,299–300 and phosphorylated proteins.301–303

Numerous FPIs are routinely performed on automatic clin-
ical analyzers.304

FPIs have advantages and disadvantages. FPIs do not
require multiple antigenic sites, as is needed with heteroge-
neous capture immunoassays or RET immunoassays. FPIs
can be performed in a homogeneous format, and may not
require separation steps. However, because FPIs are usual-
ly performed with fluorescein, they are generally limited to
low-molecular-weight analytes. This is because the emis-
sion must be depolarized in the unbound state, which would
not occur for higher-molecular-weight fluorescein-labeled
proteins.

The limitation of FPIs to low-molecular-weight analyte
is illustrated by the FPI for creatine kinase-BB. Creatine
kinase is a dimer, and the subunits can be from muscle (M)
or brain (B). Creatine kinase MB is used as a marker for
cardiac damage, and the presence of CK-BB in the blood
may reflect a number of disease states, including brain trau-
ma.305–307 Figure 19.78 shows an FPI for CK-BB.307 In this
particular case the protein was labeled with dansylaziridine
(DANZA), instead of fluorescein. The immunoassay was
also performed with other probes (Table 19.6). One notices
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Figure 19.76. Time-dependent changes in polarization upon mixing
of antibody to cortisol or nonspecific antibody (Δ) and fluorescein-
labeled cortisol and upon addition, at 60 minutes, of 100 ng of unla-
beled cortisol. The antibody is more dilute from top to bottom.
Revised from [292].

Figure 19.77. Cortisol fluorescence polarization immunoassay.
Revised from [292].

Table 19.6. Fluorescein Polarization Immunoassay
of Creatine Kinase BBa

Polarization
Fluorophore-CK           τ (ns)           No antibody           With antibody

CPM-CKb ~5 0.337 0.342
IAF-CK ~5 0.333 0.339
DNS-CK ~15 0.181 0.224
DANZA-CK ~15 0.170 0.242

aFrom [307].
bCPM, 3-(4-maleimidylphenyl)-7-diethylamino-4-methyl coumarin;
IAF, 5'-iodo-acetamidofluorescein; DNS, dansyl chloride; DANZA,
dansylaziridine.



that the polarization changes are smaller with the other
probes. This is because the lifetimes of these probes, the
fluorescein derivative IAF, and coumarin derivative CPM
are near 5 ns, while the lifetime of DANZA is near 15 ns.
The longer lifetime of the dansyl-labeled protein (DNS or
DANZA) allows more time for the protein to undergo rota-
tional diffusion. This limitation of FPIs to low-molecular-
weight substances can be overcome by the use of long-life-
time metal ligand probes, which is described in the follow-
ing chapter.
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PROBLEMS

P19.1.  Calculation of Lifetimes: Use the data in Figure 19.13
to calculate the lifetimes of the porphyrin probe at 0
and 20.55% oxygen. The light modulation frequency is
3907 Hz.

P19.2.  Oxygen Diffusion in a Polymer: Long-lived phospho-
rescent species can be used as oxygen sensors. Figures
19.79 and 19.80 show emission spectra and intensity
decays of camphorquinone in poly(vinyl chloride) and
poly(methyl)methacrylate (PMMA). Use the data in
these figures to calculate the oxygen bimolecular
quenching constant of camphorquinone. Compare this
value with that expected for a fluorophore in water,
which is near 1 x 1010 M–1 s–1. Also calculate the diffu-
sion coefficient of oxygen in poly(methyl methacry-
late). How does this compare with the value in water,
2.5 x 10–5 cm2/s? Assume that the solubility of oxygen
in poly(methyl methacrylate) is the same as in water,
0.001275 M/atm.

P19.3.  Lifetimes and Oxygen Quenching: In Section 19.4.2,
we stated that a short-lifetime probe can serve as an
intensity reference in an oxygen sensor. Assume that
the lifetime of the [Ru(Ph2phen)3]2+ oxygen sensor is 5

μs and that the lifetime of the reference fluorophore is
5 ns. Using Figure 19.9 describe the relative extents of
quenching for each probe?

P19.4.  Mechanism of Sensing: Figures 19.81 and 19.82 show
data for a CO2 sensor based on RET. Explain the
changes in phase angle in response to CO2. What are
the apparent lifetimes of SR101 at 0% and 2% CO2.

P19.5.  Fluorescence Polarization Immunoassays and Effects
of Resonance Energy Transfer: Suppose that you are
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Figure 19.79. Normalized excitation and emission spectra of cam-
phorquinone in poly(vinyl chloride) (PVC) illustrating the effect of
oxygen concentration on phosphorescence intensity. Revised and
reprinted from [308]. Copyright © 1994 with permission from
Elsevier Science.

Figure 19.80. Phosphorescence lifetime measurements for cam-
phorquinone in poly(methyl methacrylate) (PMMA), illustrating the
influence of oxygen concentration on the triplet decay. The polymer-
ic supports are different in Figures 19.79 and 19.80. Revised and
reprinted from [308]. Copyright © 1994 with permission from
Elsevier Science.

Figure 19.81. Spectral characteristics of the donor and acceptor
employed in an RET pCO2 sensor. The solid curves show the absorp-
tion spectra of the Thymol Blue (TB) acceptor at different pH values
(labeled on the curves), demonstrating overlap with the emission spec-
trum of the SR101 donor (dashed). SR101 and TB are present in a
polymer matrix, which is weakly buffered and allows penetration of
CO2. From [65].



performing a fluorescence polarization immunoassay
for a small peptide with a rotational correlation time
(Θ) of 1 ns, and that the peptide (P) is labeled with flu-
orescein (Fl) for which, τ = 4 ns and r0 = 0.40.

A. What is the range of anisotropy values possible?
Assume the antibody (Ab) to the peptide has a
rotational correlation time of 100 ns.

B. Assume that your starting assay contains Fl-P
bound to Ab, and that upon mixing with the sam-
ple 10% of the Fl-P is displaced. What is the
anisotropy?

C. Now assume that the antibody is labeled with rho-
damine (Rh) so that Fl-P is 90% quenched by
RET. What is the anisotropy when 10% of the Fl-
P is displaced?
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Figure 19.82. Response of an RET pCO2 sensor employing
SR 101 as donor and TB as acceptor to changes in the per-
centage of CO2 between 0 and 2%. The phase-angle meas-
urements were made at a light modulation frequency of
138.14 MHz. From [65].
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